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AKri'HALT 

Exploratory studies have been conducted on tarp-castable alumlnum- 
t\ieled llluitilnatlon flirM. Work hM bet-n carried out on flare fuels, 
oxldlzers, additives, blndcir,, :uid flait' evaluation. It lias been found 
that small particle size, atualzed aluminum yields the highest efficiency. 
Flai'es containing aluidnun-rif^iesluin alloys and mixtures of aluminum and 
ma0iealuni were tested but ;iiv not superior to the best aluminum fueled 
flares. Sodium nitrate Is the most effective oxldizer. Flame Interaction 
effects were studied using a cavity flare configuration. No perfomance 
lirpi-ovement was obtained. A wide variety of combustion-modifying additives 
was investigated, but none Improves flare performance significantly. A 
number of flare binders was investigated, and several novel binder 
materials were pivpared. high oxygen content in the binder generally im- 
proves the flare perfomiance. The best binder is based on CX-7027 epoxy 
resin, monoethanolamine nitrate curing agent, and formamide. Maximum 
castablllty arid density were obtained by tailoring the fuel and oxldizer 
particle size distribution. The principal barriers to efficient light out- 
put appeal1 to be incomplete metal combustion and chirmey formation. The 
optimum Mttl content for aluminum flares is much lower than that for 
magnesium flares, resulting in lower energy release. In general, the best 
aluminum-fueled flares bum very slowly with bum rates in the range of 
0.030 to 0.0^5 in/sec. When evaluated in masking tape-wrapped 1.2^-lnch 
diameter candle, the best aluminum flare compositions developed have a 
luminous efficiency of 35,000 to ^0,000 cd.sec./g, less than two-thirds 
that of an efficient magie si urn-fueled flare. The aluminum-fueled flares 
exhibit intensities of 39,000 to ^0,000 cd./in.2, about one-third to one- 
half that of an efficient magneslum-fucled flare. 

This document is subject to special export controls and 
each transmittal to foreign governments or foreign 
nationals may be made only with prior approval of the 
Air Force Armament Laboratory (ATT), tglin AFB, Florida 
32542. 
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SECTION   I 

INTRODUCTION 

The  goal  of  this  study was  to develop an aluminum fueled 
Illuminating  t'laro  cumposltlon which exhil itz V) cITlclency of 
'^0,000 ed.   sec./g.  and contains   sutTlcient polymeric  binder 
to bo poured,   tamped,  or lightly  compacted Into  flare  casings. 

The  difficulties  Inherent   In  the  successful development 
of an aluminum-fueled  flare  are Nell  known.    When compared 
with magnesium,  aluminum exhibits a high heat Of vaporization 
and a high belling point.     Since  theoretical aluminum-fueled 
flame   temperatures are only a   few  hundred degrees above  the 
metal boiling point,   the driving force promoting vaporization 
is  relatively  low  while  the  resistance,   i.e., heat  of vaporiza- 
tion,   is  high.     Aluminum melts  at a  relatively  low  temperature 
and  tends   to agglomerate,   thus   reducing  the  surface  area 
available  fop mass  transfer.     The problem Is c-mpounded by   the 
presence of a  relatively  large amount of plastic binder which 
tends  to  cool and expand the  flame. 

The difficulties one untored in vaporizing and burning 
aluminum  in pyrotechnics are exemplified by  the  results  of 
work with suliu propcllants.     Solid propcllants  function at 
high pressure,  which prumetes  the aluminum-oxygen reaction. 
However,   the potential of aluminum as a  solid propellant  in- 
gredient has  never been fully realized.    Gi. od efficiencies 
are realized only at metal contents below the  theoretical 
optimum.     Significant imprtvement has been possible only by 
incorporating exotic and hazardous halogen oxidizers  to  in- 
crease vaporization rates. 

Aluminum 
however.     Thee 
heat of combus 
tions  indicate 
flares will co 
nesium-fueled 
tlve and more 
particle  sizes 
hazards  or ins 

is  theoretically attractive as a flare fuel, 
retical flame  temperatures are higher,   the 
tion is greater,  and stoichiometric  considera- 
that efficiently burning aluminum-fueled 

ntain a greater supply of emitters  than mag- 
flares.    In addition,  aluminum is  less  sensl- 
stable than magnesium; therefore, aluminum 
can be used which would produce unacceptable 

tability problems  in magnesium flares. 

The work on this project was directed toward developing 
a conventional flare with properties and behavior similar to 
those of successful magnesium-fueled flares. Approximately 
£00 experimental flares were fired during th^ course of the 
project. All of the test items contained a mixture of solid 
fuel and oxidizer in a cylindrical get metry. Most contained 
an excess of fuel over the  stoichiometric fuel/oxidizer 



fitlo,  ■(   bhati ftfl   in nagneslun i'i   •■    .   bh<   heal   Pr a tl 
netal^oxidj     • reaction c     Ld b<     .■   ■  •     vap  •■' Iditlonal 
iiu'tai  POP reaotj  n Mlth ataioaptv  Ic • . ■;..•, 
ai '■ h    'mi 11 in,- Bp< olesi     : ■   :       '.'.,. 

UM effi :"■ ■•    nd< p thla »ct can bi   'iivlcl(.'d Int 
■aj p i aaka:    (i)    t    Lncr th       ta I ai    nt     r    ner 

d  Ln ihr Pu   '- Kidizer peaotion by Unprovln       • ;     - 
tl< n effloleney - P by  Lnoz*< aalng th<       I I -'ii heati     " o at ■■ - 

■  ti,  (.')  t<  minim!       ■■ '.   '• pj    .  ■ Pf< otfl    P the plastic 
binder by devlsin    p  Lynere with ainlnal eff( n flare • P« 
flciency.   and by  nanlpulatlng  B   Lid particle   .•!:■•    'Uctrlbu- 
tlons BO aa bo ninimize ni ■• ssary bind' p  L< ■.■■ Is«    The figure 

f Merit    Bed Ln Btudying oonvoaitj  na waa  th   •■fflclency, 
ii\ od*aeo./g.i    btainable  Proa th   flar* a.    All f mulation 

;■•.' pta M  :•    lirectly or Lndirectly alnu'd towarda Lnereaain 
efficiency of the o aposltK u-,    Burnlnc ratea and can- 

dleponera (intenaitiea) were conal     «d to be dependent var- 
iabi' ■ and were not atudied in thic esqploratory program« 

Fuel particle   slse,   oxidizer particle   clze,   additive::, 
transition metal compoundc,  perchlorate   oxidizerai  hallde 
oxidizerBi macnoGlum-aliunlnum alloyc,  and the cavity geooetry 
Mare  studied in attempts  to   improve combustUn efficiency 
and light output.     In general,   these efforts, vihich are dis- 
ouaaed in later aeotiona of this report, were fruitless. 
Hone of the unconventional compositions waa Buparior t<  simple 

size aluminum powders available a: 

The best formulations developed are described  In Table  I. 
These  fomulatioitf  c. ntain Valimet 3l8    and Alc^a  123i   tu 
of the  smallest aluminum powders available  in volume.    When 
functioned In an upright PLeitlen,  either as  51-mm    or 31-mm 
diameter e-'d-burninc candles  ..rapped in paper masking tape 
cases,   they exhibit efficiencies of 52,000 - 55,000 cd.sec./g. 
The formulation in Table IX utilizing binder M shows higher efficiency 
than the efficiency of the best formulation.    The lil^er efficiency formu- 
lation did not have acceptable physical properties; it was cxtrenply spongy. 

The  compositions  shewn in Table  I exhibit wry low burn- 
ing rates when compared  to magnesium flares.     In general,   this 
behavior was noted  throughout the prtgram.     Most of the better 
compositions burn relatively slow.     This behavior is under- 
standab1-' since  the primary cause of low  efficiencies in alu- 
minum flares is the ejection of unburned metal fr-m the  flame. 
At  lov; burning rates  less metal is available  on the burning 
surface  to agglomerate  and be ejected  from  the  flare.     Longer 
residence times promote vaporization« 



TM3LK  I.     PROPERTIES OP MO.'IT EPPICZENT 
ALUMINUM PIARE COMPO:>ITIONG 

. 

1                        Pararuf; ( P I II in   ! 

Composition, Wt. 0 

|       Alumltium 

Vallmet 818 
Alcoa   125 

58 38 19 
19 

i       Sodium NLträte 

120-840 mlcrcm 
•llOO mesh 53 

55 55     I 

Binder 

CX-TlöO epoxy rosin 
Monoethanolamlno  nitrate 
Pormamlde 

5.9^ 
2.65 
0.45 

5.94 
2.65 
0.45 

5.94 ! 
2.65 1 
0.43 \ 

Density*,  g./cm3. I.65 1.91 1.89 | 

Burnltig Rate*,   In ./sec. 0.045 0.040 0.050 

Efficiency*,   cd.sec./g. 52,000 52,000 35,000 

| Intensity*,  cd./in2. 59,000 40,000 32,800 

} *Average  of 10 flares,  51-min dlametei c. 

Although the  lower burning rates are associated with the 
highest efficiencies,  and may also be a cause of the higher 
efficiencies  In the best formulations,   the  low burning rates 
also result In extremely low  Intensities.    The most efficient 
aluminum-fueled flares exhibit burning rates of   0.030  to 0.045 
inches per second,  about half that of efficient magnesium- 
fueled  flares.    When coupled with  the  lower efficiencies of 
aluminum-fueled flares,  the  low burning rates result    in in- 
tensities  or candlepowers which are one-third to one-half 
those  of efficient magnesium-fueled flares.     The  low candle- 
power values virtually preclude the use  of aluminum-fueled 
flares as substitutes for magnesium-fueled flares  in battle- 
field  illumination missions. 

Chimney formation is a  second cause of low combustion 
efficiency.    When fired under the  conditions  of  this  study, 
flares  containing 58^ metal and 9% binder form partial oxide 
chimneys.     At higher metal levels,   the chimney thickens and 



•.)    ■ ■    Ln the origins      ■   ;    of tl     f    !•• . 
chlnn« .   U ■■■       B burning rate and visibly   Lncr 

• of ■ J ■■■' ed mot -i ■   p-ii't ir       .     ■ ■■      •■,•■'■ bulei 
'■   md attached  I     th<   Lnslde of 1 he chimney. 

opt imum netal   Level   Ln th       "    r        ppears  t   repreeenl 
Mhlch B trend toward I Lgh r c tlon efflclencyi 

produced by  Increased  fuel   lev« !•■,  Ls ch •        by t drop  Li 
efficiency caua   I by the formation of the oxld(   chimney« 

Thr most  efficient   Plarea contain B thermosettli 
binder composed of cx-yiGo epoxy realni the nitrate ■■■>.'*     f 
monoethanol amlne (HBA) curing        ntj  and  forn     ' le to en- 

nee th    mutual aolublllty or the epoxy and curing agem . 
ThU; binder  La  the iv.ui.lt  of B study which confirmed the 

■.pothesis thai thermo set ting polymers contslnlng  Li pge 
unta of oxygon in their structure can be useful  i 

binders.     High oxygen content  binders were   found  to  be 
superior  to  all  other  types   of blnderSj   Including  those  C   I - 
talnlng significant  amounts  of energetic   fluorine compour. ;   . 

The  excellent  results  obtained  with   th<   MEA nltr  • ■ 
binder also  serve  to  underscore  another result  of the binder 
program.     Although binders  with high oxygen content  are  u  i - 
fulj   there  la no  simple explanation   for the effects  of any 
given binder.     Compositions containing binders  with higher 
oxygen content   than the MEA nitrate   binder 
grossly    inferior    to those containing 

were  at   times 
the  nitrate binder. 

The presence of the nitrate salt of monoethanol  amlne 
appears  to  be especially conducive     to high light output. 
When present  In binders  as   a plasticizer and wetting agent, 
or employed  in excess  as a curing agent,   the salt raises 
light  output.     Values  as  high as 40,000 cd.sec ./g.   have   been 
realised   from this   type of composition.     This   figure  Is 
noteworthy since a direct  substitution of sodium nitrate 
for binder  in these  formulations does not  produce  as high a 
value.    Unfortunately,   the nitrate  salt  cf monoethanol  amlne 
is  a reactive epoxy curing agent with a  relatively  low equiv- 
alent weight.     It was  not possible  to devise  systems con- 
taining large amounts of the salt which could  resist the re- 
duction  in mechanical  properties caused  by the  stoichlometrlc 
Imbalance  between curing  agent  and  epoxy  resin. 

When mixed,   the compositions  in Table  I  form  sticky 
powders which can be  poured  into flare cases  as  a   loose 
collection  of agglomerates.     After compaction  at 90  psi, 
the compositions containing coarse  oxldiser exhibit den- 
sities which correspond  to  a packing density* of 0.71.     It 
is  thought that  further work with surfactants  could  raise 
the packing density to 0.85,  so that, at   the 9^ binder  level, 
the composition could  be handled  as  a dough or  fluid. 

*Ratlo of actual volume of flare  solids to  bulk  volume of  candle. 



The  MEA nitrate salt  binder cures  extremely  rapidly  In 
mass,  but   relatively slowly when present   In  a   flare composi- 
tion.     Flares must  be cured   for*   i  perlud  uf 20 to  40  hours 
at  65 C   to  develop   final  mechanical   properties.     The  binder 
cures   to  a   tOUghi   tuariy tllStOMrlC  gum-stock,  which con- 
tributes   tOUghttesa   to  the   flares. 

The  mo.-A   efficient   aluminum  flares,   as  well   as  most  of 
the   PlaPM   ;'tudlt'd   In  thlfl  program,   are  relatively   Insensitive 
to   Impact.     As   lllur.trated   In  Table   II,   the  mu;;t  efficient 
Al compositions,  compositions containing magnesium-aluminum 
alloys,   and   formulations containing  a  sensitive  fluororganlc 
are  sufficiently   Insensitive   tu   Impact  to be considered   safe. 

TABLE  II.     IMPACT SENSITIVITY OP UNCURED 
ALUMINUM FLARE COMPOSITIONS 

!                         Parameter I II III IV   | 

Composition,   Wt .  % 

Vallmet  8l8 Aluminum 
j       Reade  30/70  Mg-Al   (200 mesh) 

Sodium Nitrate 

38 
44 

38 38 

120-840 micron 
-400 Mesh 53 47 

53 53 

Binder 
TVCPA 

91 91 92 72 

2 

Kg 2 2 2 2    i 
cm >1284 >1284 122 118 

E5o3 Kg-cm -- -- 244 236 

Ess3 Kg-cm >256 >256 -- --  ! 

1D.E.R.'?>* 732  epoxy resin  1.39^,   glycidc 
i    anhydride 4.63^. 

>1 2.98^- ,   rralelc % 

2CX-7l60  epoxy resin 5-94^. monoethanolar 
formamlde 0.43^. 

alne nlti -ate 2.i 53^, 

3Bureau  of Mines   Impact  tester. 
4Machlne   limit. 

*A  trademark of The Dow Chemical Company for epoxy resins. 

/ 



SECTION  II 

KXPKHIMKNTAL RESULTS 

Work haa b en 
binders .  and  flare 

tarried out 
-.valuatl^ n. 

In  the ai"   i.      r fuelsi     xldi^« ■■. . 

A prlnotpal taak has bean to achieve rapid ignition and 
afflolent ocnabustlon of the aluminum fuel.    Th< f fuel 
particle plaa and ahape on flare efflclenoy tea been -"'< idled. 
Flame  interaction affects hav<   been Lnves by the   ••• 
of  cavity  flares.     A v.Ide  variety  of OOmbustlonHBOdlfyln 
additives has been teated*    Nixed Al and Ng fuels and AI-MT 
alloys haw been studU-d as fuels« 

Sodium nitrate   oxldlzer was used primarily  In  this  re- 
searoh«    Howeverj certain other oxldlzera wert? alao tested. 

tlcn 
Experiments were  conducted on binder level and comp . '- 

Novel binders wore prepared and inveatlgated. 

A       PARTICLE   SITING  OF SOLIDS 

Fuel  Particle  Size 

In pyr 
higher burn 
particles a 
fuel partlc 
usually as 
hazard, pre 
levels used 
tlvely Inse 
this projec 
available 1 

Ltechnics,   small  fuel particlec are associated with 
Ing rates  and  greater combustion efficiency.     Large 
re  less  hasardLUs and more easily  handled.     The 
le  si^e  specified f^r a  flare or pr^pellant  Is 
small as  can be  tolerated without  unduly increasing 
cessing  difficulties,  and cost.     At the binder 
in this   study,  aluminum-fueled flares are  rela- 

nsltive.     Therefore,   the aluminum powders  used  in 
t were  the smallest sized powders  commercially 
n volume . 

Most of  the flares  contained either Alcoa 123,  the 
smallest sized powder available as a standardized cimmercial 
product,  or Valimet  3l£ .   a specialty product with a more 
favorable particle  size range and  shape. 

Alcoa  123 has   a particle  size  range of   5 to  60 microns. 
Because  the material  is  atomized  in air, it  contains  a  larger 
amcunt of cxide than powders aUmlzed  in Inert gas.  and it 
possesses an irregular particle shape. 

Valimet Bl8 has a particle size range  of 3  to 30 microns. 
Since  it is atomized in an inert gas,   it is  nearly spherical, 
and has a minimum of oxide.     It is one   of the smallest sized 
aluminum powders available  in volume. 



Other ma 
•am. VaLlrin 

si^^'L! than Va 
and avallab 11 
Alc^a 140 Is 
t< pi'L/duct1 Al 
and more llml 
flake, aval la 
an at>.ml::ed p 
surface area, 
ness. 

i < rial B   w> PC 
I i, »nd Va 
1 lni< i 1 . 
Ity of tht t 
a by-pi'tduct 
en a 125. It 
ted avallabl 
bit In v^ lum 
owdor and lt3 

I i'i'e^ular 

exaained briefly during tht pro- 
Llnet   3l6  contain  larger particle 
Tilt part Ic 1»   Bhiptj   oxide   content, 
hrti    products arc  very  similar, 
if  tht munuracturing process   used 
has  a   smaller particle size range 

llty.     Heynolds   j^X-D  is an aluminum 
e.     It  is produced by  ball  milling 

chai'ac tori zed by a   high  specific 
hapo,   and an extremely small  thlck- 

The  particle   ^hape  and ^xido  content of aluminum powders, 
except  for  the milled flask,   have   little  effect on efficiency. 
The  air atomized products  burn almost as well  as  the  Inert gas 
aUmized powder.     Milled   flake  appears   t<   burn as well as  the 
atomized powders,   but exhibits   unfavtrable bulk density, 
making it   impractical  to  incorporate into useable flares. 

The  efficiency  of aluminum-fueled  flares,  as  expected, 
is  affected by  the  particle size  of  the   fuel.     The   smaller 
particle   sizes  improve efficiency.     However,   as shown in 
Figure   1,   the  effect   is   not pronounced,   and   the 
of  flares  containing  the   smallest  sized  fuel   is 
less   than   the   target value  of  30,000 cd.sec./g. 

efficiency 
considerably 

Mixtures  of aluminum  fuels   tend  to produce efficiencies 
which are   intermediate between   Miose exhibited by   flares con- 
taining the  individual components.    Mixtures  of Valimet Bl8 
and  Alcoa   12j5 are an exception.    Flares  containing mixtures 
of  the  two powders produce higher efficiencies  than flares 
containing either powder as  sole  fuel.     The  effect   is  small 
and  not understood. 

One  of the most prominent  manifestations   of poor com- 
bustion efficiency  in aluminum-fueled flares   is the ejection 
of glowing metal particles from the burning flare.     The pres- 
ence   cf  smaller particles  in  the  fuel  tends  tc   reduce  the 
number and  size of ejected particles, but,  for all   flares, 
the  ejected agglomerates are considerably larger than the 
particles   in  the original  fuel. 

Molten aluminum particles  have been observed  to coalesce 
en and above  the surface   of a burning propellant.     This  same 
phenomenon is  thought to  occur in a burning flare.     The smaller 
particle  size  fuels were  expected to minimize   losses due to 
agglomeration by reducing the   size of the coalescing droplets 
and by maximizing the rate and  extent of vaporization before 
coalescence.    However, as Figure  1 demonstrates,  the imprcve- 
rT\ent  is  not  sufficient. 



36,000 

32.000 

28,000 

24,000 

20,000 

EFFICIENCY, cd sec £ 

• -400  MESH  NaN03 
A 120-840/x N0NO3 

I 1 
Aluminum   38% 
N0NO3      53% 
Binder*        9% 

6 14 22 30 38 44 
MEAN  PARTICLE SIZE OF ALUMINUM, MICRONS 

Figure  1.    Effect of Aluminum Particle 
Size ^n Flare Perftrmance 

Mlcrcsct-.plc examination of cured flares  Indicates  that 
the fuel Is present In the  form of agglomerates.     In some 
cases,   the bulk volume of the agglomerates  Is so great  that 
they merge and form a continuous phase  In portions  of the 
flare.    When specimens are heated  on a mlcrcsccpe stage, 
the sodium nitrate has been obser\ed tc  melt and deeonpoM 
v;lthout igniting or disrupting the aluminum agglomerates. 
Although these observations cannot be rigorously applied tc 
a burning flare,   they help  to demenstrate that the agglomera- 
tion process,   operating during fabrication and  in the burn- 
ing flare, cannot be circumvented by a  simple reduction in 
particle size 

♦Binder L,   Table VIII,  66.C$ CX-7160,  29.2% mcncethanolamine 
nitrate,   and I.Sjf formamlde. 
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More complete dispersion during the mixing process, and the presence 
Of m agent  which lowers   ignition temperatures might  be expected to  improve 
comlnist ion eltic iency.     Suriadants,   suiTace coat ings,  nuvtl  pirticlt size 
distr unit ions, and   intensive mix ing   in solvents,  therefore, were employed 
in attempts to improve dispertifln«    Si.)diiDii I'luoi ide and chromiuin sesqui- 
oxide were employed   in attempts  to  initiate comlmstion reactions before 
jurticle agglomeration.     None of tbese efforts was  successful   in prevent- 
ing agglomeration or  in   improving  light output. 

1    (kidlZtr Particle Size 

A variety of oxidizer particle sizes was incorporated into flares. 
The sodium nitrate used  in these studies covered a total  particle size 
range of 15 to 840 microns.    l!ach of the oxidizer particle sizes was used 
alone or   in combination with the others.    Special   size distriUit ions, made 
by combining sieve fractions of commercial materials, were also employed. 

Both the nominal particle size and the particle size range of the 
sodium nitrate oxidizer can effect the efficiency of an aluminum-fueled 
flare.     If the oxidizer {possesses a relatively average particle size, or 
contains a wide range of ixirticle sizes, the flares exhibit relatively 
high efficiency.     If the average particle size is relatively high and 
the particle size range low, efficiency is drastically reduced. 

The effects of particle size on flare efficiency are presented in 
Table  III.    flares containing sodium nitrate oxidizer with a narrow range 
of oxidizer particle size,  (lines 1, 2, 3, and 5 in Table III) display 
sharply decreasing efficiencies as the average particle size of the oxidizer 
increases.    However, flares containing a large sized oxidizer with a wide 
range of ixirticle size,   (line 4  in Table III) arc equivalent to flares 
containing the smallest of the narrow size range sodium nitrate oxidizers. 
The comparison is particularly striking, since the narrow size range sodium 
nitrates with particle sizes greater than 120 microns were produced by 
passing an aliquot of the wide range oxidizer through sieves.    With the 
exception of particle size, the chemical and physical characteristics of 
the oxidizers, therefore, are as similar as possible. 

Although the data presented in Table III indicates that oxidizer 
particle size characteristics can have an effect on flare behavior, these 
characteristics are not considered to be among the most important parameters. 
These and other experiments using different oxidizer size   distributions 
were conducted.    Essentially no change in efficiency or light intensity 
could be detected for the following distributions:   (1)   -400 mesh NaNOs, 
(2) -400 mesh NaNOs specially reground,  (3) NaNOj with a log normal 
distribution from 44 microns to 250 microns,  (4) NaM^ with a log normal 
distribution from 120 microns to 840 microns, and a variety of mixtures 



ot tiK'sc _v;riiKis.    Hie si^c distributions iliich cause degradation m 
efficiency and Light Intensity an.- RDI ooHonly aployra Ln pyrotechnics 
and are   artificial  in that tMy arc difficult to produce by nonn] solids 
hand] Lng techniques. 

l\Bl.l   [II,   EFFECTS OF PARTICLE SI21  ON EFFICIENCY 

i Line 

NtflO,   Part Lcle Size 
Burnim 
Rate 

[ iil./siv. ) 

1 
tererage 
[microns] 

Rangs 
(microns) 

1 tTic iency*       hit -nsityH 
(cd.sec./g.)     (cd / in I | 

i    l <37 O.MS 32,000 39,000      i 

i 13S 120-  50 0.036 Z7(600 29,400    j 

3 3 2 3 2ir-35U 0.033 22,000 21,200      ! 

1 ISO 120-S40 0.040 32,000                 40,000 

s 545 500-590 0.035 19,300                 19,800     i 

* 1 AMT.IU 1 at ion is SSI \aI imct 
(66.01 CX*7160, 29.21 HNMN 

SIS Aluminum,  53': NaN03, % Binder L         1 
nlunohunine nitrate, 4.81: foniuunidej.       i 

Since the SCKIIIH' nitrate can melt and decompose before the aluminum 
fuel melts or  ignites, the lack of pronounced correlation between oxidizer 
particle size and flare light output  is understandable.    The agglomeration 
mechanisms which control efficiency probably operate primarily in or above 
I region of the flare in which the sodium nitrate is liquid.    Under these 
circumstances, oxidizer particle size would only be expected to influence 
light output through its effect on burning rate'.    The smallest oxidizer 
particle size produces the highest linear burning rate.    The wider dis- 
tributions give higher burning rates than any of the narro*. range oxidizer 
particle size distributions. 

B   GQOOIZERS MO ADDITIVES 

Sodium nitrate is a superior oxidizer in illuminating flares.    When 
compared with other suitable sodium salts,  sodium nitrate possesses one 
of the highest heats of reaction per unit weight and contains a high 
percentage of sodium.    The nitrate also delivers sodium to the illuminating 
flame as the easily sublimed and easily dissociated oxide.    In 

10 



■Agneelua-fueled oonposltlona  these properties cmtribute 
tc the nii'ii effleienoy of present operetlontl I'lart.-s. 

The 
positions 
boiling p 
which all 
ful portl 
hlfher bo 
restrict 
an effort 
flares, a 
sodium til 
bustle n ■ 
srdlum til 

high effleienoy   Of MSnesllMHSOdlua nitrate corn- 
can also bo tttrlbuted  to   the   rt-latlvt-iy   low 

Olnt  and   Low  boat of  vaporisation of  magnesium, 
ow nu1.-!      f  tlN tiftal   1, i  Vftporlse and burn  In use- 

nfl     f  tho   flat'«'   ''lam»'.     Aluminum possesses a 
lllng point   and  higher ht.-at of  vaporlzatl« n,   which 
vaporisation and   limit  OLmbustlon efficiency.     In 

tc   mlse  the  ooabustlon efficiency   of aluminum 
variety of  OXldlseri  wore   used   In conjunction with 

träte     The   oxldl::ors wore   chosen to   Increase   com- 
fflclency and ci mpirisate   for the partial   removal of 
trat <■. 

Oxygen-co'ntalning compounds,   sulfur,   and  halldes  were 
employed as  sources   of oxidizing species   In  this  study.     Ihe 
( xygen-containlng oxldlsers were used  In  an attempt tc   raise 
light output by  increasing tho  theoretical heat of reaction 
of the fuel-oxidiser combinatiLn,  or to  raise  combustion 
efficiency by promoting  the vaporisation  of aluminum metal. 
Sulfur and  the  halldes were employed in attempts  to produce 
volatile aluminum compounds capable  of further reaction after 
vaporizing. 

1      Oxygen Qxldlgerg 

Two   types  of  oxygen  oxldlzer were  ct nsidered  as partial 
replacements  for sedium nitrate  in aluminum flares.    Per- 
chlorates were Investigated tc  raise the   theoretical heat of 
combustion of  the flare mixture,  and transition metal  com- 
pounds were examined  in   an  -Utempt   to by-pass  vapor phase com- 
bustion inefficiency by  oxidizing aluminum in the  liquid phase 
Beth these types of   oxldlzer should minimize   the  ejection of 
unburned aluminum by reducing  the amount  cf gas generated by 
decemposing oxldlzer. 

a       Perchlorates 

VJhen compared with sodium nitrate,   sodium perchlorate 
and potassium perchlorate exhibit  higher heats of reaction 
with aluminum.     Neither cf the perchlorates generate  nitrogen 
when decomposed.    Therefore, 
nitrate  in attempts   tc  raise 
a reduction  in  the amount of 
the perchlorates would lower 
was  ejected from the burning 
efficiency.     The  increase  in 
should raise   light  output. 

both v;ere  used  in place  of scdlum 
light  output.     It was heped that 
non-oxidizing gas generated by 
the rate at which molten aluminum 
flare  and  thus  raise  combustion 
theoretical heat of combustion 
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Sovlimii perchlorate was ust\l as 'he to\t QKidlMri Md  in comhiiuii ion 
with sotliiuu nittatf.     I'olassiiuu pcrvhloraU' v>as USL\1 only   in combination 
with souium ititratc,  siin.f no other sourct1 of SIKIIIUU emitter was thougM 
pnet K"al. 

Hie results of tests with MVChlorati OOCidiZOTI aio   i 1 lust latul   in 
lable   1\ .     Although stxliiuu poivliloiate   is rMOrttd1   to hv ett'oct ive as 
HI oxidizor  in iiui^nesiiaii Hares,   it   is not elTective  in alumiiuun I lares, 
riares containing the perchlorate produce massive oxide chimneys,  show a 
pronounced  increase  in burning rate, eject considerable quant ities ol 
unburned aluminum, aikl display low etficienc ies. 

Potassimn perchlorate does not  produce the same drastu   clHIIgM   in 
i late combustion beliavior.    Mien used  in mixtures with sodium nitrate, 
the primary effect of the additive appears to be a leduction  in  light 
output, caused by the dilution of useful sodium emitters.    Optimized 
aluminum - sodium nitrate - potassiun  perchlorate com|K)sit ions are 
actually superior to aluminum -  sodium nitrate comixjsitions containing 
the MM weight ratio of  fuel  to oxidizer.    However, aluminum-   sodium 
nitrate compositions contain enough sodium to allow higher fuel   levels, 
and these aluminum - sodium nitrate compositions produce higher effi- 
ciencies thin the best formulations containing potMSiui perchlorate. 

Ammonium nitrate dilutes the supply of useful sodium emitters, as 
do both scxlium perchlorate ami potassium perchlorate.    However, the 
ammonium salt lias less deleterious effect on efficiencies than the alkali 
perchloratcs.    One possible explanation for this behavior may lie in 
the effects of the throe oxidizers on burning rates.    Ammonium nitrate 
lowers the burning rates of flares when substituted for sodium nitrate. 
It was generally observed throughout the program tliat the slower burning 
flares tend to produce the highest efficiencies.    The reduction in burning 
rate associated with the presence of ammonium nitrate may have compensated 
for the dilution of emitters. 

The perchlorates previously discussed and transition metal compounds 
discussed below were studied in attempts to test the effect of gas gen- 
eration on the quantity of ejected metal.    Since ammonium nitrate increases 
the amount of gas generated but does net lower efficiency, this approach 
was dropped. 

With the exception of the experiments with ammonium nitrate, the 
amnonium oxyanion oxidizers were not used in this program. 

HVaite, U.R., and Arikawa, Y., Study of Visual Cast Flare Binder Material, 
Ordnance Research, Inc., Fort Walton Beach, Fla., RDTR 113, Naval 
.Ammunition Depot, Crane, Indiana, January 1968,   (AD 669434). 
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h      Iraiisition Metal Compoiuuls 

Although the aluminum-oxygen combustion icactioii  is primal ily a 
|M plwiso rt.'action,  the oxygon contaiiu\l  in chiomiuii\ sesquiox idc can 
tupport  vigorous solid and   liquid plust- almninum cmiilHjst ion''.     Also, 
chronium sosquioxido and other transition notal  QjcidM luue bMB NpOTtid 
to   iiKToase the elt ic iene ics of milligiam liMd alumiiuuii-luelov.! llare 
pellets.    Because oi   these nportSi chromiiaii sesquioxide ami other tran- 
sit ion metal comiHumds wore UKOnoWtod  into 1 lares in an attciupt  to 
raise light  output.     It  uas thnight tliat  the transition metal  compounds 
would reduce the waste ol   fuel i-.nd energy associated witli the ejection 
of unburned metal by reacting with liquid pliase aluminum on the burning 
surface. 

Chromium sesquioxide was used in most of this work.    Other transition 
metal comixxxnds such as chromiiau hydroxide, sodium dichromate, numganese 
dioxide, manganous sulfate, iiumganous carbonate,  cupric oxide, and cupric 
sultate were compared with chromium sesquioxide  in I limited number of 
experiments. 

Most of the transition metal comixmnds were studied early in the 
progr.im, using flares containing relatively coarse aluminum and relatively 
large ;imounts of binders with moderate oxygen content.    These flares burn 
poorly.    They form massive oxide chimneys, eject copious amounts of un- 
burned fuel and produce little light.    Chromium sesquioxide appears to 
improve the efficiency of these flares by lowering the amount of ejected 
fuel and reducing the tendency to form chimneys.    However, binders with 
higher oxygen content and smaller fuel particle size also produce more 
efficient flares.    As illustrated in Figure 2, the performance of flares 
utilizing binders with higher oxygen content and smaller fuel particle 
size is degraded by the presence of chromium sesquioxide. 

Sodium fluoride was used in flares containing chromium sesquioxide 
in the hope that a greater degree of fluidity in the molten zone of the 
burning flare would enhance the liquid phase reaction with chromium 
sesquioxide.    However, sodium fluoride does not improve light output, as 
discussed later. 

Other transition metal compounds were compared with chromium 
sesquioxide, and most were found to produce the same 

2Shidlovskiy, A. A., Foundations of Pyrotechnics,  (AD 602687) 
3Personal Communication:  Leader, P., and Wcsterdahl, R., 
Pyrotechnics Laboratory, Picatinny Arsenal, Dover, New Jersey 
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Figure 2.     Effects of Chromium Sesquloxlde 
on Light Output 

deleterious effects.     Two compounds, manganous sulfate and 
manganous carbonate,  produce the most favorable results.    As 
indicated in Table V,   the sulfate only slightly decreases 
efficiency,  and the carbonate slightly increases efficiency. 
However    the carbonate  is incompatible with ingredients in the 
most efficient binders.    The reduction in efficiency associated 
with  the change to lower oxygen content binders,  compatible 
with manganous carbonate,   overwhelms the  favorable effect of 
the additive. 

The transition metal compounds appear to act as  low energy 
oxidizers.    The favorable effects of assumed  liquid phase oxida- 
tion reactions apparently are offset by the reduction in combus- 
tion energy delivered to the emitter.     The use of more energetic 

*Binder A.  Table VIII,   -400 mesh NaNOa . 
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'VkliLE V.     EFFECTS OF MANGANOm, SALTS 
ON ALUMINUM FIARBS 

1                    Par'niif t «••r I II III IV      j 

Composition, Wt. % 

Valimot 818 Aluminum 1          58 58 58 58 

NaNOa, 120-840  micron 91 95 *9.7 92.7      i 

MnCOa 2 — — -- 

MnSO* — — 5 1 

Binder 91 91 9.52 9.52 

Efficiency3,  cd.sec./g. 17,000 19,900 27,400 >. ,00C 

Burning rate3,  In./sec. 0.055 0.052 0.057 0.040 

Intensity3,  cd./lna. 17,800 19,700 52,200 40,600 

Density3,  g./cm3. 1.94 1.94 1.94 1.94    | 

binder B.   50.0^ D.B.1#4 

D.E.H. ,5**31. 
' 551.  21.4^ D.E.R.  752 .   2c: &         \ 

2Blnder K,  29.8^ glycido 
D.E.R. 752,  10.0^ monoe 

1,  ^.6% malelc anhydride, 
thanolamlne nitrate. 

15.6^ 

3Average of three 31-nim diameter candles. 

transition metal compounds such as manganic heptoxlde or 
chromic  oxide was considered.    However,   these oxidlzers are 
hypergolic with the binders used in the more efficient flares 

2      Sulfur and Halogen Oxidlzers 

The aluminum-oxygen combustion reaction Is primarily a 
vapor phase reaction. Most attempts to increase the light 
output of aluminum fueled flares have been directed toward 
Increasing the amount of vaporized aluminum, available for 
combustion, in the flame zone. These efforts have been hand!- 
capped by the low volatility and high bailing point of the 
metal. 

The  sulfide and halides of aluminum vaporize at con- 
siderably lower temperatures than the free metal.     If present 
in a burning flare,  they could be expected to vaporize com- 
pletely and react, as a vapor, with sodium and oxygen In the 
flame. 

*A trademark of The Dow-Chemical Company for epoxy resins. 

**A  trademark of The Dow Chemical Company for amlne curing 
agents . 

I6 



Aluminum lulfld« or halldeü  cannot  be  Incorporated   Into 
a  flare candle because of sensitivity  tu moisture  and decreased 
available  heat  of  reaction.     However,   If thebe compounds could 
be  formed   In  the  burning  flare  by using sulfur or halldes  as 
oxidizing agents,   the components  would   be  stable during  storage, 
and  the   loss   In   heat  of  reaction  would  be small. 

a    Sul fur1 

Sulfur was  added  to  flare compositions   In the  hope  that 
I  reaction  sequence,   as   Illustrated   In  Equations   (lj,   {^),   and 
would   Increase  the net amount   of  aluminum available  for com- 
bustion   in   the   flame. 

2  Al 
(•) (1) 

—>     A12S 2»->3 (8) (1) 

(5). 

u«a«it)  —>   Ai2s3(g) 

Al2S3(g)     ->     2   Al(g)+  3 8(f) 

(2) 

(3) 

Liquid  sulfur  Is reported4 to react with solid  aluminum 
to produce  aluminum sulflde.     The  sulflde  Is  easily  sublimed 
and bolls  at  l,500oC,     far below  the boiling point of elemental 
aluminum.    Therefore,   It should  be more readily vaporized  than 
the metal. 

Aluminum sulflde  Is unstable at  the high temperature of 
a  flare flame.     When passed  Into the  flame,   the sulflde should 
dissociate  Into  sulfur and aluminum vapor.    The presence of 
sulfur In an aluminum-fueled flare could result,  therefore. 
In an  Increase  In the amount of aluminum available  for com- 
bustion and  raise efficiencies. 

The presence 
and reduce the amo 
containing coarse 
amounts of binder, 
a small amount of 
Ing small sized at 
of binder reduces 
the burning flare. 
additive tends  to 

of sulfur Is reported    to increase efficiency 
unt of ejected,   unburnt aluminum from flares 
aluminum flake and  relatively low   (3^) 

In the present program.   It was  found that 
sulfur {<10%)  In flare compositions contaln- 
omlzed aluminum and relatively high amounts 
the amount of unburned metal ejected  from 

However,  as   indicated  in Table VI,   the 
lower efficiencies. 

4Ellern,  H.,  Modern Pyrotechnics,  Chemical Publishing Co., 
Inc.,   1961. 

5Ibid..  Shldl^vskly,  A.  A. 
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The  slag produced by   tht   ■Ulfur-OOnttlnlOg  I'iares  re- 
acts   Vigorously with water  to produce H2S.     It   Is   not  known 
whether   this  gas   Is produced   tvom A12S3 ir sodium  sulfldes. 
TJie presence  of sulfur   In  the  slag,  however.   Indicates   that 
the  sulfur or sulfldes  du  tut  wholly  vaporize,   and   therefore 
do  not   sufficiently aid   In  thfl  production of gaseous  aluminum. 

Cavity   flares do  not  generate as much slag as  end-burning 
flares.     Sulfur was employed as an additive   in one  uf  the 
cavity  experiments  (discussed  In  Section  D).     It was  hoped 
that   the  sulfldes  trapped  by   slag  In end-burning  flares would 
volatilise   In cavity  flares.     IKwevw,   the  cavity  flares 
showed  no   Improvement   In light  output. 

b       Halogens 

Magnesium or aluminum halldes wjll  react  with  sodium 
oxide.     The  resultant  sodium halldes are a   less  efficient 
source  of  emitter  than  the  original  sodium oxide.     In mag- 
nesium  flares,   the presence   of halldes decreases   light  output6. 

Aluminum flares  contain a   larger proportion  of  oxidlzer 
and hence more  sodium than magnesium flares.     Loss of sodium 
should  not be as serious  in aluminum flares.     Therefore, 
halide  oxidizers were  Incorporated  into aluminum flares  in 
the hope  that an increase  in  the amount of vaporized aluminum 
would more  than compensate  for the reduction in sodium con- 
tent . 

Fluorinated organic compounds improve the combustion ef- 
ficiency of aluminum propellants.    When compared with reactions 
with the  other halogens,   the aluminum - fluorine reaction pro- 
duces  the most energy and,   theoretically,   could result  In 
vaporization of the most aluminum per unit weight of additive. 
Therefcre,  most of the work with halogens utilized fluorine 
compounds. 

Teflon,   TVOPA,  FX l6l  fluorocarbon surfactant,  and 
HC-208-4  fluorocarbon oil were used as organic  sources of 
fluorine. 

Ammonium fluoride,  magnesium fluoride,  and a mixed rare* 
earth fluoride were also employed as sources of fluorine. 
The  inorganic  fluorides were  used in an attempt  to minimize 
the  total amount of carbon introduced into the flare formula- 
tions. 

6Blunt, R. M., Evaluation of Processes Occurring in Pyrotechnic 
Flames , Denver Research Institute, Denver, Colorado, RDTR 91. 
Naval Ammunition Depot,  Crane  Indiana,  March 1967,   (AD 655820) 
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Although MgnMlWI  riuorlde will  not  n-act with alu- 
minum at ambient   t«.'mp''i'a t a'« ■:•,   \\i<    reaction7,: 

MgPa(l) A w n      t > 1Y00"C. M  t   i Ai(lj  — ' ■ ^    l^k'Xr) AIF(I:) 

haa been reported« Rar^ ^arth oo^pounda ar<- pep* Pted to en- 
hancf   ttia   light  output  of carbon arcs.     The  rare  earth  flu- 

»j ■; fa were teated In the hope that i nhanced ealaaimi caused 
by the rara earth would oonpenaate for the eventual rormati'ii 

f poorly emitting t-.ndium fluoride« 

The effecta of halogen oxldlzers were teatedj at various 
times during   the  program,   by  substituting  fluorocarbon or 
fluoride for fuel,  oxidizeri or bindei- in the most afficient 

of teat i ng.    The res.; I formulations available  at  the  tine 
( f  seme  ( f  the   tests  are presented 
flares containing fluorocarbons or 
nounced Lnorease  in light output,. 
rficient   than controls. 

In Table VI.    None of the 
fluorides  exhibited a prc- 
M  st  of   the  flar< s were   leai 

A small amount    if  the  fluorocarbon  surfactant FX  l6l 
produces a  small   Increase  In light output when substituted  for 
binder Ingredients.     The presence  of HC-20--4.   Teflon.   TVOPA. 
or  larger amounts  of FX ibl reduces   light output when they are 
substituted for binder Ingredients. 

The surfactant FX l6l Is reported8 by  the manufacturer 
to  form a  thin adherent coating ^n aluminum.    Flares  contain- 
ing the additive also exhibit an increase  In packing density, 
which Is attributed  to  Improved dispersion of fuel agglomerate; 
The surfactant  thus exhibits unique prcpertles which may have 
Influenced  the  observed  Increase  in  light  output. 

TVOPA dissolves  In,  and acts  to plastlclze  the flare 
binder.    The flares used as a control in the TVOPA experi- 
ment did not contain a plastlclzer.     The addition of a plas- 
tlclzer.   such as  the nitrate  salt of monoethanolamlne, with 
a  high oxygen content will increase   light output.    The com- 
parison,   therefore,   of the TVOPA plastlclzed flares and  the 
control in Table VI probably minimizes  the deleterious ef- 
fects  of TVOPA. 

Nearly all of the flares containing fluorccarbons ex- 
hibit higher burning rates  than the  controls.     This behavior 
1c  consistent with the presence  of sodium fluoride in the 
molten zone  of the burning flare,   indicating  that molten 
scdium cxlde may have  reacted with aluminum fluoride  in a 
molten zone,  or may  have reacted directly with the fluoro- 
carbon . 

7U.   3.  Patent 3,397,056. 
Promotional brochure,   "Fluorad Fluorochemlcal Surfactants," 
Minnesota Mining and Manufacturing Co.,   St.   Paul,   Minnesota 
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Sodium fluoride   Is  not  an effective  source  of emitter 
In magnesium flares.    Vüu-n work with aluminum flares first 
Indicated  that  fluorocarbons wore  not helpful,   flares con- 
taining NaP and potassium perchlorate were made  to deter- 
mlno   the  OffeetlveMBI  of  sudlum fluoride as a  source of 
emitting  species   In aluminum  flaror,.     Although  these alu- 
minum flares possess  theoretically  higher  flame  temperatures 
than magnesium flares,   the   sudlum fluoride was  found to be 
compUvoly   Ineffective. 

If,   as  susp 
■< dlum fluoride 
flare,   the   lack 
standable.     The 
the  formation of 
of reaction by d 
carbon Into  the 
fects by  Increas 
flame. 

ected,   the presence of fluorocarbon causes 
to  form  In  the molten zone  of  the burning 
of  Imprevcment  In  light output  Iß  under- 
fluorocarbons remove emitting species through 
sodium  fluoride,   reduce  the potential heat 

Isplacing  fuel and oxldizer,   and  Introduce 
flare.     They do not  compensate  for these ef- 
Ing  the amount of vaporized aluminum In the 

The possibility of conducting the halogen-aluminum re- 
action so that liquid sodium uxide could not contact the 
halocarbon or liquid aluminum halides was briefly  investi- 
gated.     Heterogeneous  flares containing  (l)   a  cylindrical 
core of aluminum-halogen oxldizer and (2)   an outer skin of 
conventional alumlnum-stdium nitrate-binder composition were 
fabricated.     It was  thought that  the core would generate 
volatile aluminum halides which would further react in the 
vapor phase with sodium and oxygen produced by  the composi- 
tion in the  skin.     The heterogeneous flares were compared 
with homogeneous control flares of the same dimensions and 
containing the same average amounts of ingredients.    As 
illustrated in Table VII,   the heterogeneous flares are in- 
ferior to the homogeneous  flares. 

Binders containing bromine or chlorine were examined 
in a  study of the effects of various binder heteroatoms on 
efficiency.     The presence  of either of these halogens lowers 
light  output. 

3      Miscellaneous Additives 

Sodium fluoride,   cryolite, boron,  ard sodium metaborate 
were incorporated into flares in attempts  to  improve combus- 
tion efficiency or to  increase the amount of emitter in the 
flame. 

Aluminum-fueled flares containing the relatively high 
(9-18^)   amounts of binder used in this program exhibit a 
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pronounc«.'d  tendency   t<    foni massive,   restrictive  oxide 
chimneys when  t'unctlorK-d.     If nut a prime   cause of poor 
efficiency,   the  chimneys  a:v at  least a  contrlbutary  cause 
and  are   Invariably  as   ^elated with  low  efficiencies. 

Sodium  fluorld   .   and  the mineral   cryolite are  used as 
fluxes  to  lower  th    Mltlng point of aluminum oxides.     Th*-y 
were   Incorporated   Into aluminum flares   In an attempt  to  re- 
duce  the  thickness and  strength of oxide  chimneys,  and poss- 
ibly prevent   their  formation.     Sodium  fluoride was also  used 
In conjunction with novel oxldlzers  to determine  If a presumed 
fluxing action would accelerate  desirable   solid and  liquid 
phase  combustion  reactions.     Aluminum  fluoride  Is  reported9 to 
lower the  Ignition  temperature of metal-oxldl7.er combinations. 
Cryolite,   3 NaF'AlPa,   was  used as> a  source  of aluminum fluoride 
to  test  this  effect. 

Sodium fluoride  or  cryolite,  as  sole  additives,   do  not 
reduce  chimney  formation.     Cryolite  increases burning rate and 
drastically  reduces  light output.     Sodium  fluoride  increases 
burning rate,  reduces the variation in  light output between 
nominally identical flares,  and increases  sensitivity  to 
ignition by direct  flame.     For these  reasons,   sodium fluoride 
was  used in  the   initial  series of cavity  experiments   to mini- 
mize procedural difficulties.    However,   as  illustrated  In 
Figure 3,   sodium fluoride acts  to decrease  light output,  and 
also shifts  optimum fuel/oxidlzer ratios  toward the metal- 
rich stolchlometry. 

When used together,   sodium fluoride and chromium 
sesquioxide reduce  the  tendency to form chimneys.    The slag 
produced by the burning flares falls  off as a  loose powder 
at  low metal  levels,  and as cylindrical  chunks at high metal 
levels.    However,   the absence of a chimney does not result  In 
an Increase  In light output. 

The additives displace the more energetic reactants, 
aluminum and sodium nitrate, and abstract heats of vaporiza- 
tion from the energy available for the production of  light. 
This apparently nullifies the Improvement In combustion ef- 
ficiency which Is visibly manifested by  the reduction In 
chimney formation and in the reduced ejection of unburned 
metal. 

freeman,  E.,   and Anderson,  D.,   "The Effects of Aluminum 
Fluoride on the Combustion of Aluminum In the Presence  of 
Potassium Perchlorate and Oxygen," Combustion and Flame, 
Vol.  10, No.  4,  December 196b, Butterworths Publications., 
Ltd.,  London. 
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Figure 5 

34 38 
WT % ALUMINUM*' 

Effect of Aluminum and Additive 
Levels of Flare*** Performance 

The  cempound BO2  Is reported10to act as an efficient 
emitter In gaseous flares.    Elemental boron or scdlum meta- 
borate were  Incorporated  Into  flares In attempts  to prcduce 
an incremental  Increase  In efficiency as secondary emitters, 
or to perform well enough to act as primary emitters  In 
systems  containing perchlorato  cxldlzers.    However,  bcrcn 
and berates have a pronounced detrimental effect on light 
output.     As  little as  1^ boron in an aluminum flare  can re- 
duce  light output by 35^. 

♦Binder A,   Table VIII ** Alcoa 140 aluminum 
*** -400 mesh NaNOi used in all flares 

cTlscher>   R.  L., and Scheller,   K.,   "Keaburement of Illumination. 
icurce-Related Characteristics  of  the Cyanogen-Oxygen-Boron 

Trichloride Flame System," Proceedings of First PVI-L technics 
Seminar,   Blunt,   R.  M.,   Denver Research Institute,   Denver, 
Colorado,  RDTR 131,  Naval Ammunition Depot,  Crane,   Indiana, 
October  I968. 
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C    MAUMl-r. IUM-ALUM1NUM AIIJüYS 

When Injected Into u nuwder torch, aluminum powüer nielts and buiris 
slowly without EtVOBMttng   i    In fhu-es, thi;; behavior af)[x,jars to cause 
the loss of a portion of the alurdnum fuel, which fonns Jigglomerates 
capable of passing Uirough tlN flMt zone without vaporizing and burning. 
Magnesium powder* frtpHRtl Wd bums quickly in a powder torch11.    In 
flares, this behavior is reflected in higher efficiencies, fragjnentation 
of ejected particles, and, in some cases, a total absence of ejected 
particles. 

Maöiesium-alumlnuKi alloy powders containing as little as 281 magj'iesium 
reportedly^fragnent when burned in a powder torch.    Therefore, several 
luitJieslum-alundnum alloy powders were used as flare fuels in the hope that 
alloy agglomerates would fragient and pr'oduce finely divided droplets cap- 
able of burning rapidly and completely in the flare frame. 

The Uiree alloys tested in this program contained 50% magxiesium or 
less.    A 30/70 magnesium-aluminum alloy was studied as a ground 200 mesh 
powder, a ground 3^5 mesh powder and as coarse atomized granules with a 
particle size range of 37 to 8^0 microns.    When these materials were found 
to produce mediocre light output, a coarse atomized WGO magaesium-alu- 
minum alloy with a particle size range of 37 to 8^0 microns, and a 50/50 
alloy, ground to pass 325 mesh, were studied.    Mixtures of magjiesium and 
aluminum and mixtures of these metals with the alloys were also investigated. 

The alloy powders and mixtures of aluminum and magnesium powders were 
incorporated into formulations containing 9% of the glycidol - maleic 
anhydride - D.E.R. 732 binder, an effective high oxygen binder.    Table IX 
reports an efficiency of 28,000 cd. sec./g. for an aluminum fueled flare 
using thll binder.    The binder used in the best aluminum fueled flares 
could not be used in flares containing magnesium because the fomulations 
got hot enough during mixing to catch fire. The light output form the 
alloy-fueled flares is thought to be relatively unaffected by the binder 
level or type of binder and therefore represent as high a value as can be 
obtained. 

The fuel/oxldlzer ratio of compositions containing 200 mesh 30/70 
alloy was optimized.    Since the llg^it output of the most efficient 30/70 
alloy-fueled composition was unimpressive, 325 mesh 50/50 alloy was 
studied.    As Illustrated in Figure I, themost efficient 30/70 alloy-fueled 
corrposition contains 52% metal and exhibits an efficiency of 25,000 cd. 
sec./g.    The most efficient 50/50 alloy-fueled composition contains 5555 
metal and has an efficiency of 27,000 cd.sec./g. 

The effect of particle size on performance was determined by replacing 
the powders in the optimized formulations with finer or coarser materials. 
However, the particle size of the alloy fuels had no effect on efficiency. 

11 Sur.Tnerfleld, Martin, 
New York, I960. 

Solid Propellant Rocket Research, Academic Press, 
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Lt-es OOnUlnlni Ldlrttiaa] WKUPtM Of 325 mesh, 200 rresh, or coarse atomized 

30/70 alloy produced the MM efficiency.    Coarse atcxrdzed ^0/60 ulloy pro- 
I ned the MMB T-lfht ^»utput M 32*3 mesh gr-ound 50/50 alloy. 
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Figure 4.     Effect  of Magnesium-Aluminum Alley 
Concentration ^ n Flare**PerfL rmance 

The apparent  lack of correlation between metal particle 
size and  the  light  output of alloy-fueled  flares   is  not con- 
sistent with the effects  ebserved in aluminum or magnesium- 
fueled  flares.     The   smaller  sized fuels  used   in   this  study 
were ground particles with highly irregular  shapes.     Sieve 
analysis,   the only available means of measuring  the  size, 
is probably  inadequate  for  this  type of study. 

Flares containing the  coarse,  atomized alloys exhibit 
higher densities,   lower mass burning rates,   and  lov.er linear 
bu.rnlng rates than  flares  containing the ground powders. 
Since  the  combustion efficiency of flares  containing aluminum 
Is  restricted by  the  ejection of unburned  fuel,   the  slower 
burning atomized alloy  fuels may  increase  the residence  time 

f unburned aluminum on the burning surface and   in the  flame 
zone.     The  longer residence  time for  larger alloy particles 

♦Binder J,  Table VIII 
** -400 mesh NMOi used in all flares 
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may  ofiV.t t     the  expt'cU-d   Inprovt'd   ci mbustlon of  nmall  part- 
icles,   so   that   the  •ffieltltOlM  are  equal. 

The  fuell   In  the optlml^i-d compositions were  replaced 
by  various mixtures  of magnesium,   aluminum,   and alloys   In 
an ftttMpt   to   separate   the  effects  of magnesium as an allfy 
Ingredient   t'r*. m  the  effects  of magnt-slum as  a   flaro   Ingredient. 

The efficiency  of   flares  containing a   ^OrYO  ratio  of 
magnesium  to aluminum  Is  not dopondent  on  the mode  In which 
magnesium  Is added  to   the  flare  composition.     Flares   fueled 
with 20/70 alloy,   or a  30:'f0 mixture  uf elemental magnesium 
(30/50 mesh)   and elemental b-mlcron aluminum powder,   or a 
mixture  of elemental aluminum and  'fO/bO alloy with a   net 
magneslum-to-alumlnum ratio  of 20:Y0,  produce virtually  the 
same   light  output. 

At  higher magnesium  levels     efficiencies are dependent 
^n the amount  of unalloyed magnesium  in the  original   charge. 
Flares centaining a  50:l30 mixture  of magnesium and aluminum 
powders are  superior to those containing a  mixture of  30/Y0 
alloy and magnesium powder with a  net magneslum-to-alumlnum 
ratio of 50:50.    Flares  containing either the 50:50 mixture 
of aluminum and magnesium powders     or the mixture of magnesium 
powder and magnesium-aluminum-alloy are  superior to  those  con- 
taining the  50/50 alloy.    The most efficient flares  fueled by 
both magnesium and aluminum contained a  50:50 mixture  of the 
elemental powders and produced an efficiency  of 32,000 cd.sec./g. 

Flares containing aluminum and magnesium eject smaller 
agglomerates  than comparable aluminum-fueled flares.     They 
exhibit maximum efficiencies at high metal  loadings and are 
considerably more  efficient  than aluminum-fueled flares at 
these metal  levels.     This behavior  indicates  that the pres- 
ence of magnesium in the fuel does  contribute  to the  vaporiza- 
tion of aluminum. 

Unfortunately,   the useful effects  of magnesium are  not 
pronounced.     Although molten alloy droplets  fragment  in powder 
torches,   there  is no evidence that  the alloys fragment in 
burning flares.    The use of alloys  or mixtures containing as 
much as 50^ magnesium does not prevent  the waste  of fuel and 
energy  through the ejection of molten metal from the burning 
flares.     This waste  is  reflected  in low light output,  at 
best no better than the most efficient aluminum-fueled flares. 

As  indicated above,   chromium sesquioxide and sodium 
fluoride  can have beneficial effects on certain aluminum- 
fueled  flare  compositions.     In alloy-fueled  formulations. 
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ohroniun Besquloxide reduoea • rfloienoy and burtiinc rtt* . 
liun fluoride Lnoreaaea burning Pit« ami d< oreasea af- 
• "    in-y • 

D       CAVIl^Y PIABgg 

The  efficiency  of MgneSlUH   flares his b««n  reported12 

Lnoreaae whan palt':-,  or groups  of flftraa art- punltloned 
thai  bhelr flaaMa  Lnteraecti    Certain Mgn aluai*fuelad 

• a have been reported t(   •■xhibii  enhanced efflolenoy 
Mhen  rabrloated Wltn a   cylindrical  Internal   cavity  extending 
partially   through   the   flare.     The walls of  the  cavity  were 

■   naldered  to behave as   separate   flares,  and   the   flame- pass- 
ing     through  the  center  of the cavity  was  considered   to be 
similar  to  the  flame produced by   intersecting  flar'r:.     Be- 
cause  of  these  ivpirts,   aluminum-fueled flares were  f .nc- 

ned  in a  cavity geometry   in attempts  to  raise  combustion 
efficiency and  light output. 

Cavity  flares were  fabricated and  tested  to determine 
if:     (l)   an enhancement  effect exists,   (2)   geometry affects 
light  output,   and   (5)   composlti'n affects   light  output.     The 
xperlmental approach Involved firing a given formulation  in 

flares with different  cavity length to diameter  (L/D)   ratios, 
and comparing the   light  output with that of end-burning flares 
to detect possible enhancement and to determine possible  op- 
timum configuration. 

Six formulations were  tested In the cavity geometry. 
They include  the most efficient  composition available at  the 
time of the  cavity experiments,  as well as  less efficient 
formulations  containing combustion modifiers.     The combus- 
tion modifiers were Included in the hope that an analysis  of 
their effects would help to define  the factors  controlling 
the expected cavity enhancement. 

The  flares   in the   initial cavity experiments possessed 
L/D ratios covering the  range 0.5 to  10.0.     The  few  flares 
tested at the high L/D ratios performed so poorly that later 
flares were  restricted  to the lower L/D ratios.     The results 
of these tests are  illustrated in Figure 5. 

The  light output  of the cavity  flares  is unimpressive. 
As  indicated in Figure  5,   the best cavity  flares possess 
lov; L/D ratios.     None  is superior to  the end-burning ccn- 
figuration.     There  is  no apparent correlation between cc^m- 
positlon and cavity effect. 

?Cronk,  W. ,   and   Schmeling,   W.,   "Radiance Characteristics   of 
Interacting Flames," RTD Technology Briefs,   September 1964. 
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f 

Cavity   t'lai'< .-.  ur<-  movt  dlffloult  to   fabricate  and   con- 
tain  Lesa mali'i'lal   than end-burning  riarea with comparable 
llnoar  outslda  dlriutu; Ions.     Cavity  »-xpiTln   ntfl  Mere  i>-r- 
minaU'dwhoti  It  brram-    apparent   that,   at  bri:t,   cavity   flar 
ire   equivalent to ond-burninß flarea of the ;:anie weight. 
and   Inferior  t     end-bufnlnf;   Clar  /  with   the  ramo  exterl   P 
dinena U ns. 

AH of the Plarea Fabricated Ln thia  Lnveatigation Hera 
aMiller  than  typical production Blaed  Item;".     The   combuctlon 
behavior Of  email   flares   Is  significantly affected by many of 
the   factora  which differentiate  cavity flares   froai end-burners 
A maj> p portion of  the work with cavity   flart-'S was  devoted  to 
devising properly  controlled experiments,   i.e.,  oxperlments 
which minimised  size  effects  so  that  tho   Intrinsic merit of 
the   two geometries  ci. uld bo ovaluated. 

Tlie  case  material  on   the   small  ond-burnlng flares   uaed 
as  controla affects  burning rate and  light output.     Cavity 
flarea are  not  sensitive  to  case effects.     The end-burning 
flares  used  Initially were   fired  In epoxy-Impregnated  card- 
board cases which reduced  the  light output. 

The ratio of case weight to flare weight  falls as  flare 
d^imeter  increases.     In an attempt  to  simulate  the behavior 
of  larger flares,    paper masking tape cases were  used for the 
end-burning  standards.     The  lighter paper tape case appears 
to have a minimal effect on flare behavior.     The  tape-wrapped 
flares burned at the  same  linear rate as  cavity flares.    Beth 
31-mm    and 31-mm    diameter end-burning flares  exhibit  the  same 
burning rate and efficiency. 

Other size-related variables were controlled in the in- 
vestigation,   but were  not  studied extensively.     The  light 
output of cavity  flares  is sensitive  to a  critical diamete^ 
effect.     The aluminum-fueled formulations used in  the  in- 
vestigation performed poorly and erratically  if the cavity 
is  less than 25-mm    diameter.     Since cavity    diameters be- 
tween 25 and  50 mm    have  no apparent effect on output,   31-mm 
cavities were used for most of the work. 

T.'-'o sizes of end-burning flares were used as controls  in 
each cavity experiment.     The  31-mm    diameter controls  had the 
same  outside diameter as  the  cavity diameter;   the  51-mm 
diameter controls had the  same  outside diameter as that of 
the  cavity  flares.     The  larger end-burning flares also ex- 
hibited a mass burning rate  equal to that of at least  one cf 
the  cavity  flares.     All  of  the  flares used  in any given cavity 
experiment  exhibited   the   same  or similar density. 
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E     HENDK1U' 

An object of this prograa iiaa to develop a }'i;.re com- 
■ It Ion   which could   be   baaped  or   :l.rht ly   [ i- . . ■   ;    'n*      ■■ i. ••.  . 

ThK;  typo ^t' ci'inji^.-.iLion reQulrei ■ larger BaK>un1   of plaatlc 
binder than that gotioi':iily u.-.td  in conventional  flarea.    At 
theae binder  Levelai  the cooipoaition and aawunt of binder are 
imp«.'!'! int  deteminanta of afficieno^i 

i    Binder Unrel 

The •imount of binder Ln an aluniniMa-fueled flare com- 
position can have pronounced effecta on efficiency«    In the 
higher rengea the binder level  ia tha most  important pfiram- 
eter affecting efficiency.     At   lower  level.;,   binder content 
haa   a  smaller effect. 

The  efficiency Of magnesium  flares   Is  reported  to  be an 
exponential  function of  binder  level.     As  demonstrated   In 
Figure 6,   aluminum-fueled  flares exhibit similar behavior. 
However,   the curve  representing aluminum-fueled  flares  ex- 
hibits an   Inflection point.     The presence of  the   Inflection 
Is  related  to a drop  In   light   output caused   by chimney  forma- 
tion.     At   binder  levels  greater than that  at  the   Inflection, 
nearly all  flares   form chimneys.     At  lower  binder   levels,   the 
more  efficient  flares do not.     The compositions  represented 
by  the data points  for  12,  9»   7.   and 5 percent binder  in 
Figure 6 contain a   fuel   level which produces  maximum effi- 
ciency  In   flares containing the binder  levels  shown.     Com- 
positions  containing more  than  12% binder were  formulated  by 
modifying  the composition containing  12  percent  binder. 
Magnesium content was  held constant,  oxldlzer level was re- 
duced,   and  binder  level  was   Increased.     The   latter composi- 
tions are not optimized,   but  the  flares at  these  binder levels 
produce  so  little  light  that the absolute deviations  from op- 
timum are relatively small when compared to  the efficiencies 
at   lower  binder  levels. 

The curve  In Figure 6  Illustrates  the  effect of a   "good' 
binder*.   I.e.,  an effective,   high oxygen content binder. 
There is  evidence  that  the location of the curve  inflection 
is  related to the chemical composition of  the binder.    The 
use  of a   "poor" binder may cause  the  inflection to shift 
in the direction of the 
not   studied  extensively 

lower binder levels.     This  effect was 

*Sixty-3lx percent CX-7l60,  29.2^ monoethanolamine nitrate, 
k .8% formamide. 
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this program contained 
H because  studies:   In- 
acceptablf prs c<sclng 

work with binders wac 
ruduces  acctptable  light 
uccossful.     As Figure  G 
1  binder c-ntaln  lese 
the  Inflection point. 
deleterloua effect    D 

M^st  .1"   the  t'laivs   I'abrlcated   In 
9 to   IZfl bltidt'i'.     This   range was chose 
dlcate   that   It   Is possible to produce 
properties  In  such a  mix.     Most ( f  the 
dev^ ted   to developing a  binder which p 
output  In  this  range.     This work was  | 
Illustrates,   flares  with  9$ Of the btl 
binder  tton tho   Level associated with 
As  such,   the  binder exhibits a minimal 
•ffielonoy • 

2     Binder CogPOBitlon 

Binders  reduce   the  output of   Illuminating I'lares.     They 
displace   fuel and  oxidizer,  and gen<-rate  decomposition products 
which cool the  flame  while emitting  in  undesirable portions  of 
the   spectrum.     The   object of binder studies was to develop a 
binder which minimizes  these  effects. 

Studios  of binder composition were based  on  the  theory 
that   the presence  of carbon  In the polymer binder was   one  of 
the principal  causes of  the reduction in efficiency.     Accord- 
ingly, binders with a high heteroatom content were  Investigated. 

Oxygen,   bromine,   chlorine,   fluorine,  and  nitrogen were  the 
heteroatoms of interest.     They were inctrporated into flares 
as an Integral part of a  crossllnked binder,   or were  contained 
in non-curing plasticizers dissolved in the binder.    Whenever 
possible,  heteroatoms were studied as part of the  crossllnked 
binder.     The mere presence of relatively mcblle plasticizers 
in flares tends to affect the  light output,   thus  ccmplleating 
an analysis  of the  effects of heteroatoms.     The composition 
of  the binders studied  is given in Table VIII. 

The effect of various binder heteroatcms en light cutput 
is  illustrated in Table   IX.     The data  indicate that a high 
oxygen content is a desirable feature  of illuminating flare 
binders    and that  the presence of the  other heteroatoms Is 
undesirable. 

The presence  of halogen is particularly detrimental to 
light output.     Similar effects have been noted in the  study 
of magnesium flares and were not unexpected  in this applica- 
tion. 

A variety of binders with differing oxygen contents was 
studied.    As Table  IX illustrates,   increasing oxygen ccntent 
was generally accompanied by  increasing light output.    However, 
a comparison of the efficiencies of flares  containing the 
binders K,  L,  M,   and N  (Table IX)     demonstrates  that  there  is 
no  simple correlation between binder oxygen content and flare 
light output.    The  cause of  the differences  in light  output 
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TABLK VIII.     BINDKH GCMPa^ITIONL;  ^'RJDIED 

Binder 
lUuuber Cixnponenl:: wt.  % 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

N 

I 

CX-26791  - mnleh! unliydrlde 

D.E.R.  yiv D.E.R.  732* D.K.H.- 51 

Epon Bl -.3 maleic  iinhydride 

Formre.'. F-17-Ü05 -  EllL/V Ob^O4 

Glyoidol - ranleic anhydride 

PEI3 18  -  D.E.R.  5511 -  D.E.R.1  752 

Epon 8lJ3 - D.E.H.   512  •   0.8 HNO3 

Glycidol - maleic anliydrlde - 
Epon 8.12 

Binder C - Teflon 

Glycidol - maleic anhydride - 
D.E.R.   7321 

Glycidol - maleic anliydrlde - 
D.E.R.  7521 - monoethanolamine 
nitrate 

CX-716O1 - monoethanolamine nitrate - 
formamlde 

CX-716O1 - monoethanolamine 
nitrate formamide 

CX-716O - D.E.H.  312  *  0.8 HNO3 - 
triethylene glycol dinitrate 

BO-20 

^O.O-:M J4-:*.C 

60.0-I40.0 

77.8-22.2 

1*5.0-57.0 

79.5-6.1-^».^ 

60.0-1+0.0 

55.1-^9.6-17.5 

55.5-66.7 

55.1-^9.6-17.5 

29.8-I+I1.6-15.6-10.0 

66-29.2-1+.8 

28-66-6 

29.2-20.8-50 

xEpoxy resin -  Ihe Dow Chemical Company. 
2Amine curing agent - The Do^ Chemical Company. 
3Epoxy resin -  Shell Chemical Company. 
4Epoxy resin -  Union Carbide Chemical Company. 
5AGid curing agent - Witco Chemical Company. 

34 



'IMLt: IX.    KFKKC'K OF BINDKH KlJ-MKmL CORTEIIT ON EPPICIEBCY 

Binder 
Number 

1 

hiemental Cumpoüition 

Efficiency 1 
(cd.::ee./g.)j Carbon5 Nitrogen6 Halogen5 Oxygen'5 

Totil 
Heter jHtocn 

j     A 

I 

1      D 

E 

F 

i     G 

I 

I 

1     J 
1     K 

I      L 

M 

1 

67 

t>6 

U8 

53 

^7 

59 

49 

49 

54 

51 

48 

45 

51 

59 

2 

1 

26 

4 

MM 

2 

9 

16 

7 

73 

73 

23 

514 

MM 

'i 

59 

*o 

47 

5 

51 

45 

15 

45 

44 

58 

44 

45 

25 

uc 

41 

47          1 

51 

42 

45         ' 

64 

43 

46 

47 

60 

l      52 

L5#500* 

15.5001 j 

i7,ooo1 j 

22,0001 

25.0001 1 

13.0002 1 

19,000^ 1 

26,0002   1 

26.5002 j 

28,0002   | 

52,0002   1 

52,0002   j 

59,0008 

15, 008   j 

151.6^ Valimet 8l8 -  59.^ NaNOa {-kOO mesh)  - 9f0 binder.                         | 
258^ Valimet 8l8 - 3% NaNOa   (-1*00 mesh) - 9^ binder.                               ! 
3Chlorine. 

fluorine.                                                                                                                    i 

Calculated, ±10^..                                                                                                    1 

^Measured, nuclear activation, ±%.                                                                   \ 

'''Contains 12^ sulfur. 
Q38(/o Valimet 8l8 - 53$ NaNOg (120-81+0 micron) - 9$ binder. 
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■V'M  in these riar< a  Ls n I   known.    Binders K, L, snd 
M tre thought   to produce nelatlvt Ly m re gna |  • duct and 

:   tsrbonac« Bidu<   when pyr  Lyzed.    This typ< 
i f  o< rt'-'la' 1   u MSB   tu I  Studied   f'urlh<'t',   how<;V«T.     'Jli«    nunib'-r 

t" available bindet'.- which «et  the criteria of pot  Llf( . 
iint'iii. o ire i ini' .  an'i nechtnictl properties  La not 

" ■■  nt t<   study ad' qustely psraawtera   thcr thsn \^ ter - 
at ( n o< ntent. 

P PACKING   DENSITY 

The developawnt t f a  tamp—castable riare c« Bf>08ltlon ■ 
one     r HK-  pi'Lmary f als  of thin study.     A compi cltlon con- 

Lnlng enou^t plastic binder so that It could bo poured   Inl 
flare oaslnga was a desirable uitimai/  goal of the progranj 
hv^w-vor.   the   Immediate  cbjeot v;as t<   develop a  comp< sltion 
which could bo consolldatod at  low prescurec,   or tamped   Into 
casings. 

By deflnltlen,   this  typo  of composition  requires relatively 
large amounts of plastic binder.    Since  the presence of  signif- 
icant amounts of binder degrades the performance of  Illuminating 
flares,   the  development of an efficient castable  flare  required 
the  successful completion of two tasks,     k binder vjhlch has a 
minimal effect  on light output was  developed,   and  an effort 
was made  to minimize the amount of binder necessary  for accept- 
able processing properties. 

A castable flare containing the minimum 
contains Just enough binder to fill the void 
particles. Necessary binder levels may be 1 
the void space In a composition, or by reduc 
the binder so that a given weight of binder 
volume of void. Since the chemical nature o 
this study has a pronounced effect on light 
possible to manipulate binder densities. In 
size distributions of the solids were varied 
space. 

amount of binder 
s  between solid 
owered by reducing 
Ing the density cf 
fills a larger 
f the binder in 
output,   it Mai not 
tead,   the particle 
to reduce vcid 

The packing density* of a mixture of solids  is a con- 
venient measure of void  space.     The higher the packing den- 
sity of a composition,   the lower the void space.     Most  cf 
the work on the processing properties cf aluminum-fueled 
flare compositions  involved the study of packing density. 

The binders which have the least deleterious effect on 
light output were most useful in compositions containing 9% 
binder or less.    Therefore,   the object of packing density 

*Ratio of actual volume of flare solids to bulk volume of flare candle. 
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studies was   to  devt'lop a  cumposltlon  in which  the  void  ::pace 
in a   lightly compacted mixture   of yl  gFUM l 1"  I'uol  and  { xldlzer 
was equal  to the volunif of 9 grams  of liquid binder«    UnfortU« 
nat,oly,  binders which cuntaln a   larr'' amount of oxygen al^o 
tend   to exhibit  a high density.     Therefore,   to be  ca;;tabl<-- at 
the  9^ bindet-  levi'l,   flares containing the- most efficient 
ratio  of  fuel  to  OXldlser and   th6 most efficient binder  have- 
to exhibit  a density  of 2.20 g./cm'5.     and a packlnr  density 
Qf 0.^?.     The^.e   arc'   i-elatlvrly   high  value:;,     ll wever,   <-xper- 
Imetital propellant;-  have been  fabricated  at higher packlnr 
densities. 

Tlie  Initial  studies  of packing  density here based  on 
fuel-oxldl:'.er mixtures possessing a   logarlth'nlc-normal  dis- 
tribution of particle  sizes.     Mixtures of solids with a   random 
or logarthmlc   normal  distribution of particle   sizes  are   re- 
ported13^  exhibit minimum void  space,  minimum viscosity  as 
slurries,   and optimum mechanical properties as  cured grains. 

Aluminum-fueled  flares did  nut  respond to  logarithmic 
normal particle   size distributions as expected.     Mixtures 
containing an excess of large  particles pack more  efficiently 
than mixtures containing a  logarithmic  normal distribution, 
and blends  containing an excess of  small particles  pack  less 
efficiently. 

The  results  of  these  experiments are  illustrated  In 
Figure '(.     All  of the formulations  contained >o% aluminum, 
55% oxidizer,  and 9% binder.     This was the most efficient 
composition developed and was used  in all of the packing 
density studies.    The broken lines   in Figure Y represent par- 
ticle  size  data  obtained  from the manufacturer.     The densities 
in Figure 7i as well as all of  the  ethers in this   section, 
exhibit an error of  Isss  than  Ifo, 

The  literature  is not in complete  agreement  on the 
merits of  logarithmic-normal particle size distributions in 
this  type  of application,  since size distributions based on 
sieve analysis  do not accurately reflect shape factors  or the 
effects of Incomplete particle  dispersion.    Beth the fuel and 
the   oxidizer used in this work are   thought  to be   sensitive   to 
these effects.     The  oxidizer,   a general purpose commercial 
material,  was  not treated to generate uniform spheroidal 
particles.    The fine aluminum powders,   although spheroidal, 
are  known to disperse poorly.     Therefore,  in an effcrt   to 
test  the possible  influence of  shape factors and dispersion 
effects,   the oxidizer particle  size distribution was op- 
timized by trial and error.     In addition, a  non-logarithmic 
normal size distribution used for  solid propellants was tested. 

13Leeming,   H.,   Gillis,   T.,   "The Mechanics of Highly Filled Pro- 
pellants," Bulletin of  the  4 th Meeting: of  the  ICRPG \vV rkinn 
Group on Mechanical Behavior,   U.S.  Naval Training Center,   San 
Diego,   California,   CPIA No.   944,   October 1965- 
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Figure 7.     Packing Density as   a Function 
of Particle Size  Distribution 

*Blnder J,   Table  VIII 
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Blends  of three commercial cuts  of  sodium nitrate were 
Incorporated   Into   flares   In attempts  to  raise packing den;:lty 
by trial and trroF.    The oxldizerfi exhibited pari ' • ■   size 
rangea of  ih-hh nlcronai  -'t1.- •     nicrona!  and   I    -84(   nlcroni . 
The blend." Mere ronaulated  Ln an attempt to generate denaity 
data aultable tor a ateepeal  aacenl  optlnlzatlon algorlthi . 
However, aa  Llluatrated   Ln Plgux*e 81  none of th   riarea con- 
taining blend.' naa auperlor to riarea ccmtalning only th 
largest of the three particle alzea.    The denaity  Lncreaaei 
monotenk-aiiy aa  the proportlona of large alzed oxldlzer  in- 
crease.    The in-.-f   roriQulatlon contalna   J-3J0 nlcron apherolda] 
Vallmet 818 and  120  to 840 nlcron aodlura nitrate.    Thla com- 
pcaltlon    haa a density of 1,93 g*/cia? and  a packing denaity 
of 0.71, 

Several optimized particle aize diatributiona give 
highly  I'avora' ie  packing densities when   uaed   In  aolid  pro- 
pellants.     One  Of  theae    contalna  an   aluminum powder with 
properties  similar  to  Vallmet  818,   and   a   volumetric   fuel/ 
oxldlzer ratio almost   Identical  with  that  of the must  efficient 
flares . 

The ammonium perchlorate size distribution used  by these 
workers was  duplicated  by combining  several  sieve  fractions 
Of commercial   sodium nitrate.     The mixture  was   incorporated 
into  flares   In an  effort  to  improve packing  efficiency. 
However,   It  produced   lower packing densities  than  the  best 
size distribution developed  under the current program. 

Microscopic   examination of cured   flares   indicates  that 
the  primary cause  of difficulty  in packing density experiments 
is  a  pronounced  tendency of the  small  aluminum powders  to  form 
agglomerates.     These  agglomerates  tend   to  fill  pockets  be- 
tween oxldlzer particles   in  flares containing  large  sized 
oxldlzer particles.     In  flares containing  smaller sized 
oxldlzer,   the  agglomerates  are  strong  enough to displace 
oxldlzer crystals.     Therefore,   in   flares containing coarse 
oxldlzer,   the aluminum agglomerates  fill  voids  and  produce 
the  highest packing density.    In  flares containing small  sized 
oxldlzer,   the agglomerates  help  to generate  voids,   and  packing 
density is  low. 

The presence  of  the   fuel  agglomerates  defeated  attempts 
to produce significant  incroosos  in packing density and may 
have contributed   to  unsatisfactory combustion behavior. 

14 Alley, Bernard J.,  and Dykes, Hiram W 
of Ammonium Perchlorate and Aluminum  
for Solid PropeHants,   Project DA  1S222901A211, 

Optimizing the Packing 
Particle   " ""-'*'--"■ Size Mixtures 

Mls s1 le Army 
Command,  Redstone  Arsenal,  p.24.  Mixture B was employed. 
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ThotvtViv,   a  variety  Of physical  Bethodfl v;an employed  In 
attempts   to dlsfupt  the a/'^lomerates. 

The   oi'd.'i' i r addition of   Lngpedii nta waD varlf d,   mixing 
tlmei-, were  extended«   Intensive   ;-hear mixer:; wept   employed, 
and surfactants Here  Lncorporeted into the formulation.    C( m- 
pOSltlona   were   ftlso  mixed,   :i\.   high   ;'h"ai'.    In  rui  exceSfl   I f   Inert 
seivent.    üoweveri ncHM of these nethoda wee suoceasful in 
totally disrupting fuel aggloBMratei . 

When  surfactants wire utilised  In an ati-rnpt   to  Impr-ove 
the dispersion cd' the poirdera« partial auooeaa saa realized« 
Nonlonlc   surfactants with a  h.lr.h  hydn'phlle-llpophlle balance, 
such as  Tweon  30 OP  the  long chain ethyleno oxlde-nonylphenyl 
adducts,   Impreve   the dispersion characteristics  of  the  aluminum 
powders. 

Tweon    0 produces the most  favorable  efi   cts  In flare 
proeeasing properties.     A mixture  of Vallmet    18  and  the mono- 
ethanolamlne  binder (Binder L),in  the prop( rtions  used  in flares, 
is a moist powder.    When Tween    0  Is added to  the  mixture,   the 
moist powder  liquefies and becomes a  slurry.     Since micr'aoopio 
examination of cured flare grains  reveals that compacted grains 
consist of discrete oxidizor particles dispersed  in a matrix  of 
aluminum agglomerates,   surfactant-induced liquifaction of the 
aluminum phase  suggested  that it  should be possible  to disperse 
the oxidiser into the fluid aluminum-binder mixture  to form a 
dough or paste.    However,  when oxidizor was added to  the  slurry, 
the  fluid properties of  the mixture wore destroyed  and  the 
density of the complete flare formulation was not greatly in- 
creased. 

Although Tween 80 improved processing properties,  and 
surfactants  such as Aerolube 78 and Dowfax:/*9N9  Increased 
packing density,  none was  Judged to be a satisfactory addi- 
tive.    Compositions containing as much as 1% surfactant shewed, 
at best,   a 10fo Increase in packing density in the most ef- 
ficiently packed formulation.     At  this level,  the  surfactants 
began to reduce light output.     The reason for the  decrease is 
not entirely clear;  however,   the   surfactants contain  less 
oxygen than the most efficient binders,  and therefore  reduce 
the  overall oxygen content of the  organic constituents of 
the flare.    Binder experiments  indicated that such a change 
should  lower light output,  but  the specific effect of sur- 
factant  structure was not  studied. 

One  of the  surfactants,  FX l6l,  an anionic   fluorccarbon. 
Improves  light output when present in small concentrations. 
However,   the  fluorocarbon is a waxy solid,   insoluble  In the 

*Dow wetting agent,  a trademark of The  Dow Chemical Company. 
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best binder (Binder h. Table YIII) .    PX  IM   i:   rep   •       to 
b«' preferentielly eb8orl>ed by aiuminimi,  rorBlng a i<rjac! 
Layer oapeble of protecting the nets]  fron reaction with 
aqueous hydrochloric acid.    Hie surfactant  also  LoMera burn- 
ing fate when used in ./mail ooncentretj  ns«    Ihes<   ractors 
may bo responsible for thi' Increase In light output. 
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;CTION III 

• PBRINBNTAL PROCEDURE 

A    MA'L'l-igALS 

Tho aiuiniimni powdn-.-    .•■■■i  in thla progztui react  rapidly 
and  Lpraveralbly with ataosph rlc n ilal        and oxygi n.  Th< P ■ 
I'orv,  Uuw Merc  Lnoorporated  in\     Plar .■ ta  •" <■■ '       .  with 
no ait«.'nipt.  bo dry, de«-aggloBeratej or otl* mis«   pr ■■■ . 
powdara before iit< .    Bxp« .■ .i-- to the ttnosph« re during 
weighlni' operatlona  tenda  bo d material«    It 
was  nocoGsary  to monitor'   th<        allty Of  the   Lnvent<   ■..   by 
fabricating atandardlzed  riar B p* rJ dlcally«    Material vu^ 
discarded when a di*op  in  the   I Lght output and burninc rato 
of the atandardlzed riarea  Indicated that expoaure to the 
atmosphere had d grad d the reactive powders« 

Sodium nitrate  waa purchased   Ln   iOO-pound  containers 
and  repackaged.     The     iterial was dried at V'0oC   for  on 
week and  then sealed  for  storage.     Aggloneratea   in  coarse 
OXldlzer were broken by   screening  through a  25HBeah  sieve. 
Nominal  ^0 \x material was  reground  in a V/aring blender or 
a  Metals  Disintegrating Co.  Bantam Mikro-Pulverizer and 
passed  through a  'lOO-mesh sieve   immediately before  use.   This 
is designated   "-'fOO mesh"  oxidlzer. 

Solid  combustion modifiers were dried at 70*0  for one 
week.     Coarse materials were ground  to pass a  100-mesh 
sieve.     Liquid binder  ingredients were used as  received. 

Monoethanolamlne nitrate,   the  curing agent  in i.he most 
attractive binder discussed  in  Section II-E,  was  synthesized 
on a   small   scale as  needed.     The   synthesis procedure   is de- 
scribed below. 

The  synthesis reaction and assumed structure  of  the mono- 
ethanolamlne nitrate are  Illustrated by Equation  (l). 

HO-CH2-CH2-NH2 + NH4NO3 

(1) 

HO-CH2-CH2-NH3NO3 + NHst  (1) 

Add one mole (80.04 g.) anhydrous ammonlun nitrate 
to one mole (0I.08 g.) anhydrous monoethanolamlne 
(2-aminoethanol). 

(11)  Place in shallow pan, hold at ambient temperature 
and 58 cm.Hg. pressure for sixteen hours. 

(ill)  Raise temperature to Y0oC, lower pressure to ap- 
proximately 5 cm.Hg. Maintain for four hours or 
until all dissolved ammonia is removed. 

^5 



Monoethinolamlut     ulii-al.    .yl;;!.:;   as   B   hyj P   BG plo   B illd 
or Bupercoolfd   Liquid at room temperature.     The naterift]   La 

Ld  at   (^"C .     Wluti mlxi (1 with wat''i',   mono- Uiauolamln*-,   or 
formaiiiM' .   the  eompoutul  (ioe:;  not crystallize  at  room  timp'i-u- 
tUT   . 

A   List of materials  uced and  the   source  of each are pre- 
sented  In Table  X. 

B     FABRICATION 

Host  of the   flare   formulations  were  mixed  in an Atlantic 
Research Model  j1} Z Blade Laboratory  mixer.     The Mixer produces 
acceptable  results,  but  is  slow  and  difficult  to  clean.     A 
'3-quart Hobart  KltchenAld Mixer was  also  used  to blend  certain 
formulations.     The  KltchenAld   Is a   superior mixer  for formula- 
tions which contain a  small  range  of particle  sizes but  tends 
to segregate   the  components of  formulations  containing a wide 
range. 

Flare  compositions were mixed  in  two  stages.    Binder and 
fuel were blended  first,   then oxidlzer and  other solid   ingre- 
dients were added.     The  complete mixing process   took 20-10 
minutes.     All  of  the  mixes were processed  at ambient  tempera- 
ture,  pressure,   and humidity.    Batch sizes varied from 300 to 
:l-00 grams.     Three   to  five  flares were pressed  from each batch. 

Most end-b 
1 o-lnch O.D. , 
The tube walls 
was to be func 
and impregnate 
prevents binde 
If the flare w 
a polyester fl 
Larger diamete 
epoxy-fibergla 

urnlng candles were  pressed  into  la24«*ill0h  I.D., 
cardboard  tubes,   in  two   Increments,   at  90 pel. 
were  supported by a plastic mold.     If the  flare 

tioned   In the  cardboard  tube,   the   tube was  dried 
d with epoxy resin before  use.    Tnis  treatment 
r Ingredients from migrating into the  cardboard. 
as  to be removed  from the  tube and tape wrapped, 
!■ liner was used to prevent binder migration, 
r  flares wore fabricated  In stainless  steel or 

s molds. 

Flares were  cured at 70oC under ambient humidity and 
pressure.     Most were  cured for  14-24  hours.     Binders  D,   L, 
M,  and N (Table VIII)   required a 40- to 'iS-hour cure. 

Nearly all of the  flares  tested during this program were 
51-mm (1.24")   diameter,  70-mm (2.75")   length,  and weighed 
approximately  100 grams.     Initially,   flares were fired  In 
epoxy-impregnated kraft cardboard  tubes.     A typical case  for 
a  100-gram flaro  contained l6 grams of epoxy resin and  9 grams 
of cardboard.   These  cases are unsatisfactory, because  they 
reduce  the  light output of the  flares and ampl'ly the  normal 
variation  in  light output between nominally identical  flares. 
Except where   noted  otherwise,   data presMlted  in this report 
are  for  tape-wrapped  candles. 
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TADLK  X.     LIST OF  MATERIALS  AND  SOURCES 

Ma b'rial Si uroe 

/V'i'oiube 7fl Surfao' Wit Unknown 
ALumlnum 

Ale a    1.' J  at i rii! B< id   poifd« P 
Alo« a   L40 tt< m! sed p- Mder 

Aluminum Company   ' r  Am- rJcan 
Ale a   du 1 1'i Lng 
Pltl Bb irg,  Penney 1 vanla 

Rsyn« Lda 5X-D fiai R  yn   Lda   M 1 ■ I B  Company 
HI rhni' mi,   VI Pgl rila 

Vaiini- t     Lo atonlzed powder 
Vallmet 817 atoml:•.-■<!  powder 
Vallmot     1    atomized powder 

Valley Metallurgical ProoeBB 
Company,   Inc   r-p' rated 

Centerbrook,  c- nnoctlcut 

In/: 

AmnK nlum   fluoride 
Anim. nlum  nitrate 

Fisher Scientific  Company 
Falrlawn,   New  Jersey 

Bow n U.S.  Borax 
^jO Rockefeller Plaza 
New Y  Pk.   New  York 

Chromium  sesquloxlde 
Cryolite 
Cuprlc   oxide 
Cuprlc  sulfate 

Fisher Scientific  Company 
falrlawn,   Now  J-rsoy 

CX-2679  opoxy  resin 
CX-7160 epoxy  resin 
CX-7165 amlne  curing agent 
D.E.H.   31 amlnc  curing agent 
D.E.R.   551 opoxy  resin 
D.E.R.   732  epoxy  resin 
Dowfax 9N9 surfactant 

The  Dow Chemical  Company 
Midland,   Michigan 

Epon  312  epoxy rosin Shell Chemical  Company 
20573 Center Ridge  Road 
Cleveland   16,   Ohio 

ERLA  0510  epoxy  resin 
• 

Union Carbide  Corporation 
Chemical  Division 
Bound Brook,   Now Jersey 

Formamlde Fisher Scientific  Company 
Falrlawn,   New  Jersey 
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TAHLK X.  LIST OF MATKHIALr. AND SOORCBS (Ccntd.) 

1                     Mairi-lal Source 

iv t'tur t P-17-60 curing ig^nt WltOO Cht-rnlcal   Company 
Organicc Division 
75 E. Waoker Drlv- 
Chlcago,  Illinois 

px Lui fluorooart>on 
surfactaiit. 

M C' mp.my 
Chemical Division 
St. Paul, Nlnnssots 

Glycldol Aldrlch Chemical Company, 
Inc corpora ted 

Milwaukee, Wisconsin 

HC  208-4  fluorocarbon oil Halocarbon Pre ducts  Corpora-    ! 
tlon                                                     ! 

82 Burlews Court 
Hackensack,   New  Jersey 

Hoxachlorobenzene Fisher Scientific Company 
Pairlawn.  New Jersey 

Magnesium powder ^0/50 mesh Valley Metallurgical Company 
Centerbrook,   Connecticut 

Magnesium-aluminum alloy 
50/70,   50/50,Ground 

Reade Manufacturing Company       i 
Lakehurst,  New Jersey 

Magnesium-aluminum alloy 
30/70,   40/60,  atomized 

The  Dow Chemical Company             i 
Freeport,  Texas 

Magnesium fluoride Allied Chemical Company              ; 
General Chemical  Division          j 
Morristown,  New Jersey 

Malelc anhydride 
Manganous  carbonate 
Manganese dioxide 
Manganous  sulfate 
Moncethanolamlne 

Fisher Scientific Company          { 
Fairlawn.  New  Jersey 

Monoethanolamlne nitrate Synthesized  (per text) 

PEI 13 amlne The   Dow Chemical Company 
Midland,  Michigan    48640 
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TABLK X.    Lir-T OF MATKKlM,;- AND SOURCES (c ntd.J 

|                        Nateria] IA uro< 

Potassium perohlortte I-'l;iitr  Sclcntlflo Company 
l-'alr-lawn,   NeM   J- !•;;',y 

Rare earth   riuorlde,   mixed AriKiMcan  ]'■ l,a;;lj and  Chi'.'mical 
Corporation 

West Chlcag( ,  Zllinoii 

Sodl'im molalnii-al.t' 
Sodlm ehroMta 
SodiUH   fluoride 

Fisher SclentiflO Ct^mpany 
Fairlawn, N<VJ Jersey 

Sudium nitrate 
15-^b llOPon (tumlnal 
30 mlcruti) 

DavleG  Nitrate  Company 
Mcycuchen,   Ren  Jersey 

Sodium perchlorate 
Sulfur 

Fisher  Scientific Company 
Fairlawn,   New Jersey 

Teflon fluorocarbon rosin E. I.du Pc nt de Nemours  and 
Company 

Wilmington,   Delaware 

Trlethylene  glycul  dlnltrato 
(TEGDN) 

Propellex Chemicals  Division        j 
Chromalloy  Corporation 
P.O.  Box   187 
Edwardsvllle,   Illinois 

TVOPA Classified    chemical compound      1 

Tween 80 surfactant Atlas Chemical  Industries, 
Incorporated 

Chemicals  Division 
Wilmington,   Delaware                         , 

^Justice,  B.  H.   and Carr,   I.  H.,   The  Heat of Formation of             ' 
1    Propellant  Ingredients,  The Dow Chemical Company,  Midland,         j 

Michigan,   APRPL-TR-bY"^511,  Air Force  Rocket  Propulsion                  ; 
Laboratory,  Edwards,   California,  December,   1967. 
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r 
tho ol fie ieiicics of tapc-wrappc».!  thui's arc niurt' ripvoduciblc than 

those of riaros find in cMdbcMurd tubes.    rhcTciurc, Flam fabricated la 
the  later months of the prujeet  wore eneased by bifilaily wrapping two 
layers of Kraft  paper tape aUmt  the  flare.    A typical   100 (räi  1 laic was 
covarad with 2*S gnM oc tape. 

C       MEASURPCNT 

Must of the  flares were fired   in a  30'  x 8'   flare tunnel 
!uis a blackened surface and a baffle to niniaize reflections. 

The tunnel 
I lares were 

fired   in an upright  position with the burning vnd of the flare candle up. 

Mares are  functioned directly beneath the tank vent, but the  flare 
itself  is  in still air.    The smoke rises  into the tank air stre.uii by free 
convection and   is blown through the vent.     The tank ventilating system is 
capable of removing all of the snoke from end-burning candles up to two 
inches  in di.uneter.    The smoke from cavity flares is more tlian can be con- 
trolled by the tank ventilation system. 

Cavity  flares and the end-burning flares used as controls  in cavity 
experiaantS were fired out of doors at night.    A three-foot stand WTIS used 
at the beginning Of the program, and a six-foot stand at the end.    All 
flares were set on the stand and fired  in an upright position with the flame 
protruding upward.    There was no difference in measured light output between 
controls fired in the tunnel and those fired out of doors. 

The light from the flares was sensed by a Weston 856 YYV selenium 
photovoltaic cell.    The effective spectral sensitivity of this cell is 
corrected, by the manufacturer, to match the standard I.C.I,  luminosity 
curve.    Mien employed in the electrical circuit used in this program, the 
manufacturer suggests a sensitivity of 9.75 + 1.2 ft.cd./mv.    The observed 
sensitivity was 8.75 ft.cd./mv.    The cell was enclosed in a blackened, 
baffled box. 

The signal from the photocell was amplified and recorded as an analogue 
signal by a Honeywell Model 906B Viscorder.    The signal was also integrated 
and recorded digitally by a Dymec Model 2210 voltage-to-frequency converter 
and a Hewlett Packard Model 523CR electronic counter. 

Flare densities were determined by measuring the weight, height, and 
diameter of well-formed cylindrical flares and computing the density.    The 
densities presented in the text, therefore, are a direct measure of the 
weight of flare solids which can be carried in a given volume. 

Two types of candles were used in   measuring densities.    Critical data, 
such as that presented in Section II under the heading "Packing Density", 
or that presented in Table I, "Properties of the Most Efficient Aluminum 
flare Composition", were obtained by pressing two or more flares,  in 25mm 
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increments, at  90 psi,   into | SU.S-niii 1.  !). cyl iikirical  steel wold', MUUrillg 
the SD-imi height of well   t'onned caiklles to the- nearest  ü.S inn;  MBighilH tha 
100 g. caikiles to the nearest 0.05 g., and computing the densities.    Thi- 
error   is thought   to be   less tlian  L|,     Less critical  il;it;i were obtained 
routinely by pressing three to live  1 lares at   M I'si  in 2S IIDII  increments 
into >i 31-mm 1.  D. aluminum siimortadt CMtttxMUTd mold, MBSuring the 7()-nnii 
height o! luuiuirred candles to the nearest   l-nnii, weighing the 100 g, candles 
to the nearest  0.1  g. ,  and coiii|Hit ing tin.' density.    The  latter densities 
were measured routinely to control   llare quality.    Thf measuring', i-i ror  is 
estimated at   less tlian -M.    Most are be'ieved to exhibit an error of 2% 
or less. 

D     CALIBRATION 

IWo Cieneral  Llectric  1M/TJ0 BP huups, calibratetl at a color temperature 
of 2IS4*  Kelvin, were used as standards.    The calibration  is traceable to 
the National  Bureau of Standards.    The two standards were used intercliange- 
ably with no effect on the measured sensitivity. 

When measure^ under the controlled temperature and humidity of the 
laboratory,  the sensitivity of the cell did not dringe over the course of 
the project.    However, when used  in the instrument room attached to the 
flare tunnel, the response of the cell occasionally varied.    The variation 
was apparently related to the low temperature experienced during the winter. 
Because of this variation, a standard lamp was set up in the instrument 
room and the photocell was calibrated before each firing session. 
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SIXTH\\  IV 

CONCLUSIONS 

Work has been canicxl out  on iiart' fuels, oxidiiUTS, addlllvi . , 
bindoTSi and flare geometry.    Small particle size aluniniuu fuel yields 
the hiiihest efficiency  Ul aluminum-fueled  flares.    Alujuinuiiiina^.nesium alloys 
and ndxtares of ekiuental  aliuuiiuun and elemental magnesium are not  superior 
to aluminum. 

Sodium nitrate is the most effective oxidizer. 

1 lame   interaction effects were studied using a cavity  flare configu- 
ration.    No performance  improvement was obtained. 

A wide variety of combust ion-modi lying additives was  investigated, 
but  none improves flare performance significantly. 

Several novel flare binder materials were investigated.    High oxygen 
content   in the binder general'v  improves the flare performance,     ibe best 
binder  investigatal contains LX-7160 epoxy resin, monoetlianolamine nitrate 
curing agent, and fomuunide. 

The most efficient aliuninum-fueled flares burn very slowly.    The flares 
exhibit burning rates of 0.030 to 0.045 inch per second and intensities of 
55,000 to 40,000 cd./in2. The candlepower is about one-third to one-half 
that of an efficient magnesium-fueled flare. 

The optimum metal content for aluminum flares is much lower than that 
for magnesium-fueled flares.    When evaluated in a masking tape wrapped 1.24'- 
inch-diameter candle, the best aluminum-fueled flare compositions developed 
have a luminous efficiency of 35,000 to 40,000 cd.sec./g., less than 
two-thirds that of an efficient magnesium-fueled flare. 
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SECTION V 

RKCüMMKNDATlüNS 

Based on the  results of this research and develupment effort, the 
following recommendations are made: 

1. Aluminum-fueled compositions should be investigated as slow- 
burning white signal flares.  The tendency of these flares to sparkle 
might enhance visibility. 

2. The infrared output of aluminum-fueled illuminants should be 
studied. 

3. Aluminum and magnesium-aluminum alloy powders should be con- 
sidered as fuels for liquid flares where better combustion of the metal 
might be obtained. 

I 
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49S-WACT Exploratory studies have been conducted on tamp-castable aluminum-fueled 
illumination flares.    Work has been carried out on flare fuels,  oxidizers,  addi- 
tives, binders, and flare evaluation.    It has been found that small particle size, 
atomized aluminum yields the highest efficiency.    Flares containing aluminum-mag- 
nesium alloys and mixtures of aluminum and magnesium were tested but are not 
superior to the best aluminum fueled flares.    Sodium nitrate is the most effective 
oxidizer.    Flame interaction effects were studied using a cavity flare configu- 
ration. No performance improvement was obtained.    A wide variety of combustion- 
modifying additives was investigated, but none improves flare performance signifi- 
cantly.    A number of flare binders was investigated, and several novel binder 
materials were prepared.    High oxygen content in the binder generally improves the 
flare performance.    The best binder is based on CX-7027 epoxy resin, monoethano- 
lamine nitrate curing agent, and formamide.    Maximum castability and density were 
obtained by tailoring the fuel and oxidizer particle size distribution.    The 
principal barriers to efficient light output appear to be incomplete metal combus- 
tion and chimney formation.    The optimum metal content for aluminum flares is much 
lower than for magnesium flares, resulting in lower energy release.     In general, 
the best aluminum-fueled flares burn very slowly with burn rates in the range of 
0.030 to 0.045 in/sec.     When evaluated in masking tape-wrapped 1.24-inch diameter 
candle,  the best aluminum flare compositions developed have a luminous efficiency 
of 35,000 to 40,000 cd.sec./g, less than two-thirds that of an efficient magnesium- 
fueled flare.    The aluminum-fueled flares exhibit intensities of 39,000 to 40,000 
cd./in.2,about one-third to one-half that of an efficient magnesium-fueled flare. 
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